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Chapter 1 
Introduction 
Before 1930, it was general perception among astrophysicists that the vast space 
between the galaxies and stars are empty and light can propagate indefinitely in 
the space without extinction. It was Robert Trumpler (1930) whose discovery of 
colour excess provided the first definitive proof of the existence of matter between 
stars. These were termed as Interstellar Matter (hereafter referred as ISM). Thus 
hypothesis of completely empty space was not found to be true and the material 
that causes extinction in light was proposed as Dust Grains. These dust grains 
are the components of the interstellar medium which play an important role in 
absorbing the light coming from stars and then emit these absorbed light in the 
form of radiation in X-ray, infrared and radio regions. 
Definitely hydrogen gas makes up most of the interstellar matter, but es-
sentially all of the chemical elements occur in the interstellar medium. About 
90'." of the atoms in the space are hydrogen with 9',%i helium and rest 1 percent 
consists of all other elements. So far as dust grains in the ISM are concerned 
they constitute very small fraction by number but by mass they are 	Ii x 1O 27, 
gm; atom. In spite of the fact that these are small in numbers but they are major 
source of scattering and absorption of UV radiation from nearby stars. 
The composition of dust grains varies in interstellar medium. About half of 
the volume of interstellar dust is made up of silicate grains. The other half has 
to be in the form of graphite particles or organic refractory grain mantles. The 
other compositions of interstellar dust grains are polycyclic aromatic hydrocar- 
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bons (PAHs) and amorphous carbon. Some of the dust grains are also in the 
form of icy grain mantles. 
Interstellar dust is an important component of interstellar medium. It deter-
mines the heating and cooling of the cloud through energetic photoelectron and 
gas-gas collision. It is also dominant source of opacity and hence determines the 
spectrum of the dust-enshrouded objects. Molecular hydrogen, the most abun-
dant gas-phase species in molecular cloud is formed on grain surface. Grains can 
also influence gas-phase composition of molecular clouds indirectly because they 
may lock up some of the elements. Metals tend to carry the charge inside a 
dense cloud and thus regulate the ion-molecule chemistry. Apart from that dust 
grains protect the atoms, ions and molecules from ionization and dissociation by 
absorbing the UV radiation incident upon the medium; cloud. 
In the following chapter 2 we discuss the various physical parameters and 
assumptions that are important for calculation of chemical equilibrium, abun-
dance structure, heating and cooling in the interstellar matter and consequently 
temperature structure. In this chapter we discuss in detail the chemical equilib-
rium that are set up between formation and destruction processes of a particular 
species to solve for the abundance structure, specially that of neutral and ionized 
carbon, neutral oxygen, ionized silicon and also some other atomic species and 
CO molecule at a particular position in the region. To determine the ioniza-
tion structure, the photoionization by ultraviolet radiation (\ > 912A) due to 
starlight intensity, cosmic ray ionization and molecular exchange reactions are 
considered. In the present work the regions facing to the observer are supposed 
to be irradiated by the flux of FUV radiation known as starlight intensity (here 
taken as C,, as the multiple of radiation field of Mezger et al. (1982) and Mathis 
et al. (1983)). This field in the range of 6 -- 13.6.1' differs from Habing (1968) 
by a factor of — 1.13. The interstellar medium in galaxies is heated, dissociated 
and ionized by the said FUV radiation. In this chapter various heating processes 
are also discussed through which energy is deposited in the interstellar medium. 
The interstellar medium in the galxies is heated, dissociated and ionized by 
the FUV photons from young stars both near and far.The FUV photons in the 
energy range . 1' < by < 13.6U (().218jiin % ,\ > 0.0912jim) are absorbed by 
Just grains of the interstellar medium, a small fraction < O.U3 of the absorbed 
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energy is converted into gas heating through the expelled electrons from the 
surface of the grains (Bakes and Tielens 1994, (hereafter referred as BT 1994); 
Weingartner and Draine 2001, (hereafter referred as WD 2001); Juvela et al. 
2003; Allen et al. 2004; Qaiyum 2006; Shafiqullah et al. 2011) while rest of its 
energy heats the dust . The energy absorbed by the dust grains is reradiated 
into the near and far infrared (FIR) continuum (Li and Draine 2001, Ingalls et al. 
2002, Le Petit et al. 2006, Meijerink et al. 2007, Groves et al. 2008, Shafiqullah 
et al. 2011). In diffuse and dense interstellar clouds (A, < 2) the gas is mainly 
heated through the electrons ejected from the surface of dust grains by starlight 
intensity (de Jong 1977; Draine 1978; Bakes and Tielens 1994, Weingartner and 
Draine 2001) in the given energy range. In the cold medium (T < 200K) the 
photoelectric heating accounts for almost total heating; other sources of heating 
rates are almost being more than order of magnitude smaller. But in dense clouds 
where significant fraction of the atoms especially carbon is in the neutral form, 
ionization processes may become an important source, although it is still not 
being as effective as photoelectric heating. Details of heating processes are also 
discussed in the chapter. 
During the last decade the physics of formation and transfer of line emission 
at millimeter and submillimeter wavelengths in both hot and cold gas has been 
thoroughly described and many troublesome questions have been settled. It is 
now recognized that line emission depends sensitively on LTE effects, on the 
density and density structure of various species in the line emitting region, on 
temperature and temperature structure, on the geometry and beam effect and 
velocity field within region (Tielens and Hollenbach 1985a, 1985b; Wolfire et 
al. 1995; Malhotra et al. 2001; Ingalls etal 2002; Juvella et al. 2003; Le 
Petit et al. 2006: Kaufman et al. 2006; Meijerink et al. 2007; Groves et 
al. 2008; Brauher et al. 2008; and Shafiqullah et al. 2011). The lines are 
sensitive to so many properties of the region in which they are formed, that 
can be regarded as a blessing for carrying detailed information about the region. 
Therefore, line emissions at millimeter and submillimeter wavelengths from fine 
structure transitions of atom and ions and rotational transitions of molecules 
offer a direct method with the help of which the studies of the structure and 
physical conditions within various components of interstellar medium of normal 
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galaxies are carried out. 
Chapter 2 also includes the basic line formation, calculation of the contri-
bution to the fine structure line intensities from different regions and study of 
the characteristics of line emitting regions. Calculation also involves the cool-
ing of the interstellar gas by line radiation, which is used in the calculation of 
temperature, strength of UV radiation from nearby hot stars and indirectly the 
densities of the medium. For that purpose Radiative Transfer Equations and our 
own escape probability formalism has been used to calculate the line emissions. 
Many workers have explored the physics of PDRs in detail over the past 30 
years. Numbers of codes are currently in use for model computations of phys-
ical conditions in the PDRs but differing in numerical values of the parameters 
adopted. These differences can lead to the disagreement in the values derived 
for physical conditions in the interstellar medium for the observational data. In 
this work efforts are made to intercompare two models (BT 1994 and WD 2001) 
of photoelectric heating in the interstellar medium through the interpretations of 
millimeter and sub millimeter fine structure transitions of CII and 01. We use our 
own code for the calculations, very similar to the code of Kaufman et al. (2006) 
developed on the pattern of Tielens and Hollenbach (1985). 
In the last two decades survey of spectral lines and continuum emission 
through the instruments on the Diffuse Infrared Background Explorer (DIRBE) 
satellite, spectrometers aboard the Infrared Telescope in space (IRTS), the In-
frared Space Observatory (ISO); Infrared Astronomical Satellite (IRAS) and Long 
Wavelength Spectrometer has made it possible to observe a large number of 
atomic and ionic fine structure lines and continuum from dust grains in the far-
infrared, sub millimeter and millimeter range especially dust emissions in the 
range of (S - 120prn) in four bands (12, 25, 60 and 100 jim) from interstellar 
medium in galaxies. As a result, the number and variety of observed interstel-
lar medium of galaxies continue to grow, posing increasingly more complicated 
challenges to the model computations to determine the physical conditions in the 
interstellar medium and to interpret the far infrared and sub millimeter spectra 
from galactic and extra galactic sources. The range of interpretations for the ori-
gin and behaviour of spectral lines at millimeter and sub millimeter wavelength in 
particular and FIR emissions in general, emphasizes the need for studying a large 
sample of galaxies. In this work we interpret observations of continuum and fine 
structure atomic and ionic lines from 196 galaxies as reported by Malhotra et 
al. (2001) and Brauher et al. (2008). Out of 196 only 8 galaxies are AGN. The 
galaxy sample contains average measured line fluxes of 158, 113 and 63/rm fine 
structure lines of CII and 01 and flux densities for continuum in Jansky in IRAS 
IUII, 61), 25 and 12 pear, bands, where far infrared flux FIR is computed using the 
relation of Helou et al. (1988). 
The sample includes both normal and Seyfert galaxies distributed across the 
entire sky. The morphologies, position, size, velocity and also types of instru-
ment used, all are discussed at length by Brauher et al. (2008). Since [CII] 158 
arm emission comes from HII region, warm diffuse ionized gas and neutral re-
gion partially ionized medium, decomposing the different components have also 
been discussed at greater length in the section 4.3.2. 
The gas cools down radiating its energy predominantly due to hyperfine 
transitions of Gull and 37()1i,r, of Cl I,`/'i —~ 'P0. :;1') —• 1'1 ), 1.5jirri of CII 
( 2 P 2 — = P1 .2), 1-15 and 63{rnr of 01 (: p„ — 3 P1 . 3P! 	3P,), 35icm of Sill 
( 2 P.2 	and 88prrr/ of 0111 ( 3 P2 --''PI ), 57Errrr of NIII(2P2 — 2P1 12 ), 
1221m? of NII ( -{ I — 4 P:), 35jim of Fell 1`'D 2 -- "1)-,.,) in the cold and warm 
ionized and neutral gas as well as photo dissociation regions and due to rotational 
transitions of CO (J -- .1 — I 1 for J up to 20 in the molecular regions. Emission 
line spectroscopy of atoms and ions and molecule remain the powerful diagnostic 
tools for the study of interstellar medium. This offers us many diagnostics of 
physical conditions in the wide range of galactic and extragalactic interstellar 
medium. Among the cited lines (iUS) and 37Ujiin of Cl ( 3P1 > ';YU . 3P, --, 
lupin CII ±'1' ; ,, —> 2P 2 ). 11:5 and (i3p in of 01 l 3 P,, > '3P t . jP, -- 3P,) lines 
are main coolant in the neutral/ photodissociation regions; while rest of the lines 
are important in Hll regions or warm diffuse ionised region. in the present work 
[01'63/nr,, O1 ] 145pm and [(11 ] 158ju n are employed to derive the environment 
conditions like gas temperature, densities, abundances, and radiation field in the 
galaxies as done by many authors e.g. (Tielens and Hollenbach 1985a, 1985b; 
Wolfire et al. 1995; Malhotra et al. 2001; Ingalls etal 2002; Juvella et al. 2003; 
Le Pitt et al. 2006; Meijerink et al. 2007; Kaufman et al. 2006; Groves et 
al. 2008: Brauher et al. 2008; and Shafiqullah et al. 2011). For that purpose 
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radiative transfer solutions employed are given in detail in chapter 2. 
A significant amount (often 1U'/ to 997) of the total energy emitted from a 
galaxy is observed as continuum radiation at far-infrared wavelengths (,~-12Uurilr ) 
in four (12.2•).60. and I(flJjim) bands. Ideally, a physical dust model would allow 
us to calculate all of the other important properties of interstellar dust, such as 
infrared emission spectrum, the rate of emissions of photoelectrons (important 
for heating the gas and charging the grains) and catalyst of molecule formation 
on the grains. The importance of large molecule in space was first realized on 
the basis of the observed strong mid-infrared emission in the interstellar medium 
but the IRAS discovered wide spread emission at 121i:ii, which is much stronger 
than expected for radiatively heated dust grains. Moreover, emission features, 
3.3. 6.2. 7.". 8.6. 1 I.3. and 12. jiiii are also attributed to vibrational transitions in 
polycyclic aromatic hydrocarbons (PAHs) molecule. Then, it was quickly realized 
that IR spectrum is characteristic of PAHs, which content varies from galaxy to 
galaxy. To understand the emissions in different bands various models have 
been proposed for interstellar dust consisting of a mixture of amorphous silicate 
grains and carbonaeous grains, each with a wide size distribution ranging from 
molecules containing tens of atoms to large grains. The models fall into three 
broad categories: (1) the silicate core carbonaceous mantle model (Desert et al. 
1990; Jones et al 1990; Li and Greenberg 1997), (2) low density aggregates of 
small silicate and carbonaceous particles (Mathis 1996; Zubko et al. 2004), and 
(3) the silicate-graphite -PAH model (Li & Draine 2001; Weingartner & Draine 
2001; Draine and Li 2007; Draine & Fraisse 2009; Draine 2011a). 
From observational data available to us, it is not yet possible to arrive at 
unique grain model. But with recognition that PAH particles are an important 
component, it is natural to add them to the graphite-silicate model, either as 
a third component, or as the small particle extension of the graphite material 
with size < U.UU5lint (PAH). Draine and Li (2007) has shown that the small 
particles n < 0.I12,, m show a strong sbsorptionn feature near '2I •-,A, closely 
matching the observed interstellar feature near this wavelength favouring Rte _ 
— 3.1. However, theoretically calculated features broaden as 
the grain size increases to 0.03piu, and disappear for larger grains. The model 
of Draine and Li (2007) is capable to better reproduce wavelength dependence 
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of absorption by ineterstellar PAHs. Therefore, for the analysis of continuum 
radiations we have adopted the model of Draine and Li (2007). 
The IRAS discovered that wide spread emissions in the bands 12 and 25jmr. 
are much stronger than expected for radiatively heated dust grains. These strong 
emissions for ,\ < 30ji„r have been successfully explained by Draine and Li 
(2007) in terms of small, stochastically heated grains where small grains get 
much hotter than the temperature obtained by equating the power absorbed 
with that emitted. The effect is most obvious at shorter wavelengths \ 	G0jen1. 
In the present work same technique has been used to find the emissions in 12 
and 251im bands. However from Figures 12 and 13 of Li and Draine (2001) 
it can be argued that for large FUV radiation field IR spectra at wavelengths 
,\ > GOp in can be safely presented by thermal equilibrium brightness within the 
observed uncertainty. In the present work for most of the sample galaxies the 
FUV radiation field is expected to be fairly large. Therefore, the temperature 
of spherical grains obtained from the balance of photon absorption and emission 
will give a representative value of dust temperature for ,\ > GU/nn. 
Observational fact is that in more than 9(.YX of the sample galaxies con-
sidered in the present work have P'(GOp m)E(100Eu,r) ratio lower than 0.8. 
According to Abel et al. (2009), Shafiqullah et al. (2011), it is predicted that 
the ratio of incident ionizing photon density to the hydrogen density is low in 
such circumstances. Therefore we assume that partially ionized and neutral gas 
medium extends beyond HII region in which atomic and molecular media can 
reproduce the observational data from IRAS and LWS. 
Since the FUV radiaation field that ionizes atoms with ionization potential 
13.6 eV can ionize the dust grains (and thus heats the gas) and also heat 
the grains, one expects a connection between the incident FUV flux, Go , in the 
interstellar medium and luminosities of the prominent cooling lines and FIR con-
tinuum. Ingalls et al. (2002), Qaiyum (2006) have shown that 158 lim lines of 
CII and FIR continuum are linearly correlated. Juvela et al. (2003) concluded 
that observed ratio of intensities of 158 Fern of CII and FIR continuum is constant. 
The second most important source of information about the physical con-
ditions in the interstellar medium are the continuum radiations in the 60 and 
100 jim bands. In order to achieve theoretically the continuum fluxes in these 
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bands we apply the balance between photo absorption and emission from the 
dust grains in steady state/thermal equilibrium. This has been discussed in great 
detail in chapter 3. Thus it is possible to find the ratio F(6ojtm)/F(100j,m) for 
FIR emission at thermal equilibrium exposed to radiation field 0,. This is based 
on the model of Li and Draine (2001) and Weingartner and Draine (2001). 
It is now established fact that continuum emissions at A < 301m, is strongly 
dependent of stochastic heating by photon absorpticn of small grains and also 
PAH abundance geag. Therefore, ratio F(12jim)/F(25µm) is an important in-
dicator of the PAH abundance in the extended region of cool interstellar medium. 
Further, heating of the interstellar gas is also dependent of PAR abundances in 
the mixture of dust grains Weingartner and Drains (2001). Therefore, it is more 
likely that line and continuum radiations are correlated with each other. Further 
it has been shown that gas-phase oxygen abundance varies from galaxy to galaxy 
showing a little correlation with the PAH abundance index graft . Details of 
the calculation formalism for far infrared wavelength (8 — 120µm) are given in 
chapter 3. 
The FUV radiation is common factor responsible for the line and continuum 
radiation from grains and gas. Therefore, a definite correlation is expected be-
tween line and continuum intensities or their ratios. A definite trend has been 
noticed between line to continuum ratio and ratio for given F(60fun)/F(100{ern) 
and F(12gm)/F(25gm) of the sample galaxies. inspite of the fact that there 
is a large spread (Brauher et al. 2008 and Figures 4.3. 4.4, 4.5 and 4.6 of the 
present work). The spread in observational data can be accounted for the varying 
content of PAH in the medium. 
It is worth mentioning here that data analysis presented is different from 
Brauher et al. (2008) in the sense that more emphasis is on the correlation 
between continuum emission at shorter wavelengths with that of line radiation. 
For that purpose we have adopted the model of Drainer and Li (2007). The 
present model is self-consistent where model results are obtained from ab-initio 
calculations taking all relevant physical processes into account. The incident 
flux, Ge is estimated from the P(60µnn)/F(100prn) while line to continuum 
ratio is used for finding the rest of physical conditions in the medium. Band ratio 
F(12pm)/F('25µm) provides a good explanation for the PAH index qrv,. 
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It is worth mentioning here that the value of G„ derived from line to con-
tinuum ratio are the same as estimated from [' (Ojim i /It 10011 , i. To obtain 
the best fit for the line to continuum ratio we vary the abundance of carbon, 
oxygen and velocity width. Surprisingly derived abundances for carbon obtained 
is (1.4 ± (1.41 x 11)-4 which is almost same as taken by Rollig et al. (2007). The 
oxygen abundances are found to be (2.5± 1.51 x it) "1. Similarly the velocity width 
(1.6 ± 1) Km, sec is very close to what adopted by Abel et al. (2009). Rollig et 
al. (2007) and Shaw et al. (2005). The parameters of different sources derived 
from data analysis are presented in Table 5.1. Analysis have been presented in 
Chapter 4. The result and discussion are presented in Chapter 5. 
****************************** 
Chapter 2 
Physical Processes and 
Microdetails of Line and 
Continuum Emission Region 
In order to numerically model the line and continuum emission region, it is nec-
essary to compare all local properties such as relative abundances of the gas 
constituents together with temperature of gases and level populations of the im-
portant species of atoms, ions and molecules, composition of dustjPAHs, dust 
temperature and many rnore- This local treatment is complicated by the radi-
ation field which couples remote parts of the cloud. The local radiation field 
depends on position in the cloud and absorption along the line of sight. As a 
result chemical reactions, gas and dust heating and excitation of molecules also 
get affected. 
2.1 Composition of Interstellar Dust and Ex-
tinction 
The penetration of FUV radiation into the diffuse and dense clouds is a sensitive 
function of the distribution of dust and grain and their sizes in the medium 
of interest. For the present calculation we consider both graphite and silicate 
grains with polycyclic aromatic hydrocarbons. The description of silicate and 
10 
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graphite grains are given by Li and Draine (2001) and Weingartner and Drains 
(2001), in which the smallest grains are polycyclic aromatic hydrocarbons (PAH) 
molecules, the largest grains consists of graphite, and grains of intermediate size 
have optical properties intermediate between those of PAHs and graphite. From 
observational data available to us. it is not yet possible to arrive at unique grain 
model But with recognition that PAH particles are an important component, it 
is natural to add them to the graphitesilicate model, either as a third component, 
or as the small particle extension of the graphite material with size <- 0.005µn1 
(PAH).Draine and Li (2007) has shown that the small particles u < 0.02µm 
show a strong absorption feature near 2175A, closely matching the observed 
interstellar feature near this wavelength favouring R 	Ar,/(AB — A },) = 3.1. 
However, theoretically calculated features broaden as the grain size increases to 
0.03prn, and disappear for larger grains. The model of Draine and Li (2007) is 
capable to better reproduce wavelength dependence of absorption by ineterstellar 
PAHs, Therefore, we have adopted the model of Draine and Li (2007). FUV 
radiation is proportional to e ky.ty  provided that total visual extinction is large. 
Here jr v is the effective ratio of FUV optical depth to ae.The values of lip- is in 
the range of 1 to 3.5 for the different processes considered here (Qaiyum 2003), 
The Rv = A I D /E3 _ L , ratio of visual extinction to reddening is taken as 3.1. 
The standard relationship between column densiTyA11 and visual extinction Al  
is adopted as NH = 1.87 x 1021.11: (Bohlin, Savage and Drake, 1978). Further 
the medium is also supposed to be homogeneous but not isothermal. 
2.2 Geometry and Starlight Intensity 
In our calculation we use plane-parallel semi infinite slab perpendicular to the 
cloud depth z and illuminated from one side only for which physical, chemical 
and temperature structure and hence opacities have been calculated through 
the iteration steps. The FUV field are assumed to he responsible for producing 
line and continuum emission regions extended beyond HII regions where the 
physical processes are governed by the energy spectrum estimated by Mezger et 
al. (1982). Mathis et al_ (1983) and it is denoted in terms of Go  Estimate of 
ISRF by Mezger et al. (1982), Mathis et al. (1983) for 6v in electron volt is 
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expressed as, 
v[u„(ergcrrr3)] _ 3,328 x 10'(hv)-411 
8.463 x  
2.655 x lo—Ld(hv)ose7a 
4~r~n~ua Ra(T,) 
11.2< hi' <13.6 
9.26<hv < 11.2 
304 <fav <9.26 
hi < 5.04 
2.1 
TAble 2.1. Blackbody Components of ISH.F 
T, /K 
1 	I x iD-'1 7500 - 
2..... 	1.65 x 10-13 4000 
3_._ 	4 x 10-16 3000 
This field in the 6- 13.6 eV interval differs from Habing (1968) by a factor 
of 1.13. Further it is assumed that Lyman continuum radiation and X-rays in 
this region are very small. The reason are given in more detail in the Chapter 3. 
The flux F (erg em-3) = Gnu,,, where Gp is a scaling factor, a measure of the 
starlight intensity. 
The attenuation of radiation field is conveniently expressed in the form of 
crG0exp( ;3Av), where a and 	are parameters that depend upon the as 
and dust species and cloud thickness. r1v is visual extinction which is taken as 
Av = ~ti (Hr„rui) x 6.28 x 16-" mg cra'. FUV dust attenuation r,,, = 3.1Av. 
2.3 Abundances 
For the purpose of determination of chemical and thermal structure of the 
medium a chemical and thermal balance is setup at each position in the source. 
The interstellar chemical network contains a set of 12 elements (H, He, C, N,O, 
Na, Mg, Si, P, S. Cl and Fe) and about 100 species of organic and inorganic 
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molecules. For the gas phase abundances that vary with the depth in the cloud 
we solve the steady state equilibrium : 
L 	 ` 	 , = I( 	C: -If!~,~1) 	(2.2) 
Where f~; denotes number density of species 1. Left side of the equation 
is the formation processes of the species r while right side is the destruction 
rate. R.,,, is the reaction X, • X. -' .\,— any element/species. (,t is the local 
photodissociationlionization rate i.e. X, - by • A. c;, is the destruction of 
species X,. Most molecular photoionization and photodissociation or chemical 
reaction rates are taken from Qaiyum(2003), Pradhan and Nahar (2011) and 
UMIST data-base (Le Teuff et al. 2000). 
2.4 Model Constraints 
Theoretical models have been available for approximately 30 years and have 
evolved into advanced computer codes accounting for a growing number of 
physical effects with increasing accuracy but it has been recognized that ex-
isting codes may deviate significantly in their results because of large number of 
input parameters. Therefore, it is desirable not to use one type of code blindly 
to interpret the observations. In this context following observational constraints 
have been taken into considerations for selecting the parameters of the observing 
regions. The essentials of neutral gas/nebular astrophysics with emphasis on 
spectroscopic analysis addressing the pervasive problem of atomic data sources 
of varying accuracy has been described by Pradhan and Nahar (2011). For the 
present calculation our own code has been used. This code is very similar to the 
code of Kaufman et al. (2006) whcih is actually extension of the original code 
developed by Tielens and Hollenbach (1985). 
2.5 Heating Mechanisms 
The line radiations from atoms, ions and molecules have greatly modified our 
ideas about interstellar matter and have revealed a large variety of physical con- 
2.5 Ht:.aT1NG MECHANISMS 
ditions in the interstellar medium. That is why low temperature diffuse and 
dense interstellar clouds have received considerable attention in the last decade. 
However, identification of important processes responsible for the observed tem-
perature of interstellar gas continue to be one of the major problems in the theory 
of ISM, though several studies bearing on the thermal structure of atomic and 
molecular clouds have been carried out (Tielens and Hollenbach, 1985; Wolfire 
et al., 1990, Kaufman et al., 2006). For heat supply we consider the following 
processes 
2.5.1 Photoionization of Neutral Atoms 
The photoelectrons ejected from the neutral atoms due to ionization transfer 
part of their kinetic energy to the other gas by collision or by interaction. This 
is the main heating mechanism in the HII regions and also in the dense cloud. 
The kinetic energy of the ejected electron is 
li E = Iii' - /1v. 	 (2.3) 
where lu = energy of the incident radiation field and hv,,, the ionization poten-
tial. 
For a continuous process such as photoionization, with threshold frequency 
v0 and ionization cross section r, the product species like electron carry off 
an amount of energy h u ' - r',, I which is added to the kinetic energy budget of 
the gas through subsequent elastic collisions until the motions of the energetic 
product species have been thermalised. In some cases, r'(, may be an "effective" 
threshold frequency for heating rather than the threshold for absorption in order 
to compensate for excited state products that decay directly by production of 
photons that escape without adding kinetic energy to the gas. The heating rate 
is then (Black 1987) 
l 	= it 	1 r 	u h(i' - 1"o )(11, erc ! - 1 (1111 j 	(2.1; 
for absorption of species i of density nn t . I. is defined in equation 2.1 in terms 
of (',). In neutral regions, atomic carbon, for example can be photoionised at 
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11.2 < lir, < 13.6 eV with an average yield of 1eV per photoelectron, for heating 
rate of 
I.,,,, 	2 x 1O-22r1(C) erg s-1cM . 	 (2.5) 
where n(C') is the number density of neutral carbon atoms. 
2.5.2 Gas-Graiii Collision 
Gas-grain heating is important in the neutral regions due to collisions between 
gas molecules, atoms with dust grains that have been heated by the near-infrared 
radiation field. An atom/gas molecule striking the grain surface at temperature 
1. comes into thermal equilibrium with that surface and re-enters the gas phase. 
The gas gain kinetic energy from the grain if Tyr ;• T,., or loose kinetic energy 
to it if T, ,> T,,, . The rate of heating or cooling depends upon the temperature 
difference, the frequency of collisions, the composition of the gas, the properties 
of the particular kind of solid, and tendency of atoms to stick to the surface have 
been discussed by Burke and Hollenbach (1983). if grain is at higher temperature 
than the gas, then heating rate is given as 
T, _ y,. = rtJ, nlrQy, (•. 	) 	
ct 7; 2k(T,, — T,) erq s 'c°rrr s 	(2.6) 
-nt;~ 
where u l , is the average accomodation coefficient, measures how well the gas 
atom accomodates to the grain, rr,,, is the number density of grains, ca,,, is the 
geometrical cross section of grains, „ f, is the number density of hydrogen nuclei 
and T,,- is the grain temperature. Interstellar extinction measurements suggest 
that the typical grain abundance and geometrical cross sections are 
rt gr rrgr 	I.5 X 10 2'1 ,1 1, cnt -1 	 (2.7) 
then the heating rate becomes 
1 ~-~ ti 2.1 X 1O :Mn  2IT''z( .T — T) e1.Y S -I CIII 3 	 (2.8) 
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2.5.3 Cosmic-Ray Heating 
Cosmic ray particles consist primarily of high energy protons and electrons. Their 
total energy density is found to be ' 1.80 eV ciii 	Webber (1998). A high 
energy proton can ionize the gas atom. The substantial kinetic energy (— 35 
eV) of the resulting primary electron can be lost through elastic collisions with 
other electrons or through ionization or excitation of gas atoms or molecules. 
The total ionization rate, including H and He is given by 
Ecru — Cm R [1 +O H (E. u, i l) 	 ) fr<- (E. n,.!nx)I . 	 (2.9) 
where the factors O"(E. n, nr 11 ; and oH`(L. pie . rl~i ) give the number of sec-
ondary ionizations of hydrogen and helium produced per primary ionization. 
These functions depend on the primary electron energy E, with mean value ap-
proximately 35 eV (Spitzer 1978), and electron fraction o, /~r fj . For diffuse in-
terstellar clouds where the electron abundance is low, the number of secondaries 
is about 0.8. 
Cosmic ray protons of relatively low energy (— 1-10 MeV) are most efficient 
in ionizing and heating the gas. However, their propagation is most affected by 
the interstellar and solar magnetic field, the flux of the low energy cosmic rays is 
not well constrained by direct observations but can be inferred by the observations 
of the degree of ionization in HI regions and molecular clouds. With a primary 
ionization rate of 2 x 10 l'' 	' , the total ionization rate is 'c -_ 3 '< 10 `'' 
However 100 MeV protons of cosmic rays penetrate more inside the cloud 
and gives 8 eV and 26 eV for H and He ionization respectively. The average value 
adopted for 10 < 100 MeV protons are 7.5 eV. Since some of the Hydrogen atoms 
are converted to H.,. Therefore we define ,f —  
The heating rate is then given by 
= (1 + f)(5 5fk 2.25 x 10-i c.i (—N,1/1.5 x 1O'")(2.10) 
This equation is similar to Clavel et al. (1978) but not exactly the same. The 
last term of the equation is arising due to 2 MeV protons. 
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2.5.4 Soft X-ray Heating 
The observed diffuse X-ray background arises from several different components 
(McCammon and Sanders, 1990). The Extragalactic emission dominates at high 
energies around II.) KeV while the Galactic emission at low energies 0.25 and 
below. At intermediate energies, the background radiation is a mixture of Galac-
tic and Extargalactic components, with contributions from local bubble, galactic 
disk, and halo. 
The primary ionization rate of species i due to soft X-rays is 
I, 
t? = -1;. n 	- 
, 
r °.. „ lr dl ri 	cm 	.s 1 . 	2.11)      h t~ 
where the factor t" accounts for the attenuation of x-rays in a medium 
of column density .\',.. The total ionization rate of H and He, including secondary 
ionizations, is given by the following relation (Wolfire et al. 1995) 
	
_ 	 " r 	\ 
Tlf 
[ n 
	I1((E' .n/n) 	(ill 3
, 1 . 	2,12) 
where the factors f: 1(F.' . u, ii and 	E1 . n, /n)) give the number of sec- 
ondary ionizations per primary electron of energy L'', averaged over the X-ray 
spectrum. 
Heating rate is given by Wolfire et al. (1995) 
_ 1if
7 	
r °~"~. rr„E;I~I,L'`. n,./n)thi. 	 (2.13) 
where the summation extends over the species which undergo primary ion-
ization. 
Figure 2.1 shows the calculated ionization and heating rates in the local solar 
neighburhood (Wolfire et al. 1995) as a function of absorbing hydrogen column 
density for the adopted electron fractions. Ionization rate and heating rate de-
creases as the hydrogen column density increases, because of the absorption of 
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Figure 2.1: (a)Iol1ization rate per hydrogen ~.~n and (h) heating rate per 
hydrogen '.\R due to t he diffuse X-ray background as it hinct ion of al,sorl,ing 
II column clensitv.The iliffrent curves are shown for adopted electron fraction 
(By the courtsey \Volfire et al. 1995). 
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radiation in the intervening medium. For low value of neutral column .V,, , X-ray 
ionization dominates the cosmic-ray ionization. 
2.5.5 Photoelectric Heating 
Heating of the interstellar gas by dust grain through the ejected electrons from 
the surface of dust grain by FUV field in the energy range G.U, l _ h," < !3.(~ f l 
is termed as photoelectric heating. The high energy limit corresponds to the cut-
off in the FUV radiation field caused by the hydrogen absorption (hv — 13.6 c[V'). 
while the lower energy limit corresponds to the energy needed to free electron 
from the neutral dust grains (hi' , 5.5 ( 1), the work function of the neutral 
grain. The ejected electron may carry energy in the range of IJ -- ctrl'. Thus 
only almost one third of average energy absorbed goes into the kinetic energy 
of the electron. Apart from that photoemission yield (photoelectron/absorbed 
photon) for small neutral PAHs is found to be 0.4 (Bakes and Tielens, 1994). 
Therefore, photoelectric heating efficiency (ratio between the kinetic energy of 
the photoelectrons available to heat the gas and the total FUV energy absorbed 
by all grains), c is < 0.03. However the rate decrease as the grain becomes 
positely charged. This heating mechanism is attractive because these photons 
are abundant in interstellar space and most of them end up being absorbed by 
dust grains. 
Heating by photoelectric emission from interstellar grains was first consid-
ered by Spitzer, 1948. It has now been established that in diffuse and dense 
interstellar clouds (.A, < 2) the gas is mainly heated by photoelectrons ex-
pelled from dust grains by FUV photons (de Jong 1977; Draine 1978; Bakes and 
Tielens 1994; Weingartner and Draine 2001, Li and Draine 2001). In order to 
calculate photoelectric heating rate consistent with the observations, photoelec-
tric emission process and associated grain charging, realistic photoelectron yields, 
distribution of photoelectron kinetic energies and electron sticking coefficient are 
very important under different interstellar conditions. All the parameters depend 
on the grain size, composition and charging state as well as the spectrum of the 
illuminating radiation. These will not be discussed here in detail. 
Presently there are two models operating under different conditions, (1) 
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Photoelectric Heating by PAHs and Grains 
e 
/ 
PAH i ,;'~ ~ 	GRAIN 
+ 	 + 
1 hti 
v- 
+ 
E 	y (hv - W -v?c) 
GRAIN 	t 
by 
Figure 2.2: A schematic of the photoelectric heating mnechaIlismli. An FUV 
photon ahsorbe(l by a dust grain creates a photon-electron, which diffuses 
througml the grain until it loses all its excess energ in collision with the 
matrix or finds the surface and escapes. For PAH molecules. the diffusion 
plays no role. A silup1u exi)ression for the for t lie heating efficiency F is 
indicated (Hollenhae l and Tielens 1999). 
Bakes and Tielens 1994 and (2) Weingartner and Draine 2001. A comparative 
study of these two models have been presented as follows: 
(a) Photoelectric Heating by Bakes and Tielens (1994) 
Bakes and Tielens considered mainly Polycyclic Aromatic Hydrocarbon (PAH) 
materials. Combination and energetic argument leads to the identification of 
PAH molecules with :: 50 C atoms as an important component of the interstellar 
gas. The abundances of the species are of the order of 10 ". and making them 
the most abundant interstellar molecules after H., and ('0. In their paper, they 
investigated the photoelectric heating of the interstellar gas by a size distribution 
of carbon grains, which extends down to molecular size. 
They considered that the small grains of radius (i < 100A absorb a FUV 
photon, a fraction of absorbed UV photon energy is dissipated by inelastic collision 
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of the excited electron with the carbon atoms in the grain as it scatters through 
the grain material on its way to the surface. Some energy is utilized to overcome 
the work function of the grain, and part of it is required to overcome the coulomb 
barrier set up by positive charge due to any previous electron ejection. The 
electron will emerge from the grain with kinetic energy, and this will be converted 
to thermal energy of the gas via inelastic collisions. The net photoelectric heating 
rate H(.\'(-.. Z) per grain composed of .\'c- carbon atoms and possessing charge 
Z is given by 
Hl A'( ..Z,) = 1tr 
	
B..(v. TC1J )g(N( .. JPz )dv. 	(2.14) 
where [t• is the FUV dilution factor of the incident blackbody radiation at 
temperature T j; such that 
1.6 x 10-'G,c, 
(T f F1L'V 
(2.15) 
where (;t) is the FUV flux normalised to the Habing field for the solar neigh-
bourhood and VF1 r- 1 - is the fraction of the FUV flux contained in the spectrum 
considered, Q„~,~ is the photon absorption cross-section, I,,,, is the photoelectric 
ionization yield and c1( \'( . IP 	is the kinetic energy partition function. The 
integration limit c'z is the frequency corresponding to the ionization potential 
II f of the grain charge Z., v fl is the Lyman frequency and 13 g . is the Planck 
function. 
For a size distribution of grains ri(:\c )d:\ c • where n(A,(N ) is the number den-
sity of grains with carbon atoms in the range .\•c• to .\'c'+dA•c•, the photoelectric 
heating rate is 
. 
1,,, 	l 	Hi;.\'~ . Z;.f(.\'c ,1_)rr(.\'( )rl:\'(•. 	 (2.16) 
Z 
where ft X(•. Z) is the probability of finding a grain composed of .V( • carbon atom 
at a certain charge Z. The summation over Z for each value of X(- is taken 
over allowable ionization states and the range over which :\`(• is integrated, runs 
from the smallest number of carbon atoms .\ to the largest X, . 
The recombination of charged particles with a grain containing :\'(. carbon 
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atoms removes energy from the gas at a rate ('(.V(.. Z), and thus the effective 
heating rate 1'(;V(') may be summarized as, 
'1' _ 	iH(:Vr. Z) — ('(.\'r . Z)If (Xc. Z)ii(.\'< ).V< 	 (2.17) 
For the entire grain population from X_ to X_, the net heating rate is given by 
r N4 
1' 
(2.18) 
The photoelectric heating rate depends on the average state of the grain 
through the fraction of the UV photon energy carried away by the electron. The 
grain charge distribution depends on the ratio of the ionization rate over the 
recombination rate, which in turn depends on G0/n,. and involving temperature 
dependence, we have GT,/l,. 
The terms ',,b,;, 1 ;,,,,, II' and q(:V-'.Z) of the frequency dependent inte-
gral are all dependent on the size of the dust grain considered. Adopting 4.4 eV 
for work function to an infinite graphite sheet, the ionization potential is given as 
(a) for disks 
IPZ =4.4 	(Z — 	 (2.19) 
(b) for spheres 
IPz 	4.4--(Z4 ~lcV. 	 (2.20) 
Therefore they have theoretically modelled the gas heating associated with 
the photoelectric ejection of electrons from PAHs and PAH clusters. They derived 
a simple analytical expression for the ionization rate and heating rate by grains of 
given size as a function of the ionization potential. The formula for photoelectric 
heating by very small graphite grains PAHs derived by Bakes and Tielens (1994) 
is given by 
1 pc = 10 	eGu (—"` -4 	 —I gill r ~•q.s .' 	rrrr 	~. 	 (2.21) 
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where 
4.87 x 10 2 
;1 -1 x 1( 3A° 73 
3.65 x 10 2(T/10')° 7  
1 + 2 x 10—a,1] 
(2.22) 
and A = G~~, r~„ n1 is the total hydrogen number density. Above equation 
is valid for gas temperatures upto 10' K. 
(b) Photoelectric Heating by Weingartner and Draine (2001) 
Weingartner and Draine (hereinafter referred as WD (2001)) obtained photoelec-
tric gas heating efficiencies as a function of a grain size and the relevant ambient 
conditions. They found less heating for dense regions characterized by I?,, — 55 
than for diffuse regions with li t _ 3.1. They considered size distribution, which 
are consistent with the observed extinction in regions, with either the minimum 
or maximum permissible population of ultrasmall grains. They also considered 
the large grains in contrast to Bakes and Tielens (1994). 
The expression for photoemission rate given by WD (2001) is, 
Jrx = (i 2Go / 	(/11 1" (~4,h, (V) by + G0 J~, 	
ddt~r1,Rlr((1,) itv , 	(2.23) 
p J~ 
where Q„b, is the absorption efficiency, r1„ is the radiation energy density per 
frequency interval, and is the speed of light.The second term in the expression is 
present only when the grains are negatively charged. Its contribution is negligibly 
small in most of the situations. 
The accretion rates are given by, 
J((Z) = ,is (Z) 	 ( 2.21) 
where 7r, is the number density of species i, .s,(Z is the sticking coefficient, m., is 
the particle mass, T is the gas temperature, J is the function of -, = akt1'q and 
Ze !q; (q,: is the charge of species i and k is the Boltzmann constant). The 
sticking coefficient changes according to the neutral, negatively and positively 
charged grains. 
For some calculations, they adopted a blackbody spectrum for the radiation 
field, with color temperature T, and dilution factor IF, so that 
iii, = -1;, ti"13,;(T.),ir 	 (2.25) 
2.::) IIF.ATIN( \IEcH.\NISMS 	 2-1 
The total energy density in the ISRF is u = 8.6-1 x 10 j r g c•n, i, with 
u;. = 6.07 x 1014 r /"J (111- { in the (3 — 13.1;, V interval, a factor of 1.13 more 
than Habing (1968). 
The spectrum-averaged absorption efficiency factor is 
(2.26) 
where -a= is the absorption cross-section. 
The photoelectric emission is dependent on ambient conditions, which are 
characterised by the shape of the radiation spectrum, gas temperature 1' and 
one additional parameter depending on the ratio C:(, `,,,, which we take to be 
The gas-heating rate per grain due to photoelectric emission is given by 
l , u — E fz(2') (I'„ (~,) -4- l f ' t (al , 	 (2.17) ”
7, 
The contribution from the photoemission of valence electrons is 
1'E ,.(u) 	
fV. 
 
E 	
dE fc(E)E. 	 (2.28) 
by 	, 
where E,, = (J when Z > U. and 	= hl/ — hv p,t -- 1:,7 ,,7 . when /, < U, 
f,..( E) is the photoelectron energy distribution. When Z < (l, the contribution 
from photodetachmerit is given by 
cltIa,4,(v) — (1W —1,vpdt ± Em;n) 	 (2.29) 
Weingartner and Draine (2001) calculated heating rates under variety of inter-
stellar conditions and fitted into the form 
where 
I pC = 1l) 	(;(,;l j11 1. 1"U ,j. 	 (2.30) 
Ft T. C ( ,. ne ) _ -- — 	— 	 (2.31) 
The values of C,; . C', . 	. C., . C'., . C; . C,; are given in Table 2.2. The parameters 
A. G,,. n fl and n,. have the same meaning as used earlier. 
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Table 2.2: Photoelectric Heating; Parameters 
Rv b. Case Radiation( ',~ Cl 	C 	C'3 	C', 	C5 	Cb Error h, 
Filed 
3.1... 0.0 A BO .5.72 3.15 x 10-2 0.00708 0.01980 0.495 0.692 0.520 0.15 0.75 
2.0 A 130 7.1.5 3.82 x 10-:; 0.01033 0.0195. 0.761 0.519 0.603 0.17 0.89 
4.0 A I1U 9.74 2.2.5 x 10-2 0.02041 0.01085 0.612 0.488 (1645 0.18 0.94 
6.0 A 130 7.64 4.52 	0.04371 0.00557 0.132 0.452 0.675 0.19 0.96 
4.0... 0.0 :1 BO 4.94 3. 1.5 x 10 	a O.05N73 (1.00437 (1.981 0.363 0.813 0.15 0.77 
2.0 A BO 5.62 0.387 	0.01906 0.00997 0.266 0.556 0.598 0.17 0.92 
1.0 A BO 10.16 2.06 	0.27033 0.00132 0.186 0.274 0.855 0.19 0.96 
5.5... 0.0 A BO 3.50 :3.59 x 10 	0.0353-1 0.00.398 1.176 0.192 0.697 0.13 0.77 
1.1) A 130 :3.77 .5.19 x 10 :; 0.01593 0.01216 0.656 0.549 13.607 0.17 0.89 
2.0 .-A 131) 4.50 0.203 	0,04076 11.00552 0.306 0.35),, 0.737 0.18 0.94 
3.11 A BO 5.45 2.97 x 10 ; 0.01105 (3.01881 	1.017 0.537 O.58 0.19 0.96 
1.0... 0.0 B BO 5.37 0.130 	0.01487 0.0105.5 0.358 0.607 0.585 0.16 0.86 
2.0 B BO 7.93 6.04 x 102 0.06717 0.00399 0.482 0.437 0.706 0.18 0.93 
1.0 B BO -1.72 2.60 	0.01816 0.00965 0.129 0.3116 0.598 0.19 0.96 
5.5... 0.0 B 130 4.41 1.73 x 10-2 0.03549 0.00557 0.4-12 0.519 0.657 0.17 0.89 
1.0 B BO 3.23 0.770 	0.01520 0.01260 0.17:3 0.568 0.585 0.18 0.93 
2.0 13 13(1 4.19 2.68 x 10-2 0.00204 0.06022 0.503 0.771 1).39() 0.18 (1.95 
3.0 B 130 1.84 3.81 	0.08:348 0.01)391 0.089 0.328 0.778 0.20 0.96 
3.1... 0.0 A ISRF -1.48 1.03 x 10-4 0.00133 0.02383 1.090 0.751 0.452 (1.15 0.73 
2.0 A ISRF 5.83 55.93 x 10-2 0.01233 0.01006 0.449 0.641 0.527 0.17 0.87 
4.0 A ISRF 5.22 2.23 	0.04996 0.00130 0.1.17 0.431 0.692 0.19 0.93 
6.0 A 1SR 5.45 2.50 	0.)0915 0.01453 0.147 0.62:3 0.511 0.20 0.96 
10 
	 It has been shown by Weingartner and Draine (2001) that gas-grains collision 
also cool the gas. The gas-grain cooling is important when T > h)/i . They 
derived an expression for grain gas collision as 
A. - 10n, n I[T 	r (7)( D2 -- D, .r - D4.c2 ) 
	
(2.32) 
where .r - 1/LA  
The expression is valid for 102K"2 (/fjJ < .4 < 1(Y'K ''' in and 10111 < 
'1< 104 K. The values of D0 ,U1 . 1)2 , 1)3 and I) are tabulated in Table 2.3. 
The effective heating rate may now be defined as 
I', , t - 1l,,. - Ayr 
	 (2.33) 
l 
3.1.. 
-1.0. 
5.5 
(LI) 
2.0 
1.0 
6.0 
0.0 
2.1) 
4.0 
0.1) 
1.0 
2.0 
3.0 
0.1 
2.)) 
4.1) 
0.1) 
1.0 
2.0 
2.3 HI.:vr1N~. \IECHA\!s\1 	 26 
'Vable 2.3: C'0lli,ional Cooling lr~i iwters 
Rt- be Case Radiation Filkkcl D;) 	D1 	D9 	D:; 	D4 	Error 
A B 0.4302 2.177 -8.462 1.807 (1.0691(1 
A BO 0.491)8 1.734 -6.914 1.565 O.1)5,s4 
A BO 0.4205 2.263 7.691 1.773 0.06630 
A BO 0. 197 7 1.688 -6.103 1.520 0.05610 
A BO 0.5201 1.529 -7.4,19 1.554 0.05913 
A BO 0.4473 2.0.19 -7.8155 1.696 0.063:36 
A 130 0.4264 2.213 -7.783  1.7 52 0.06523 
A BO 0.4241 2.117 -9.104 1.816 0.06948 
A BO 0.1574 1.675 -7.556 1.564 0.05s.!5 
A BO 0.1678 1.801 -7.136 1.599 0.05053 
A BO 0.5058 1.582 -6.699 1.493 0.05515 
B BO 0.1331 1.702 -7.466 1.601 0.06018 
13 130 (1.4457 2.1141 -7735 1.699 0.06360 
B 130 0.4673 1.843 -6.87.1 1.61)0 0.05035 
B BO 0.4600 1.86 -8.1<c9 1.67 ft063 2 
B BO 0.1332 2.02-1 -8.156 1.715 0.06.153 
B BO 0.1814 1.725 -7.240 1.563 0.05807 
B BO 0.41.10 2.067 -7.806 1.687 0.06251 
A ISRF' 0.3915 2.708 -9.025 1.8:34 0.06817 
A ISR 1• 0.4414 2.300 -7.035 1.332 0.05509 
A ISRF (1.4535 2.234 -6.266 1.442 0.05089 
A ISRF 0.1255 2.157 f.-If) l 	1.513 1).05313 
((.17 
((.15 
0.11  
0.13 
0.17 
0.14 
1).1.1 
0.17 
0.14 
0.13 
0.1-1 
0.16 
O.14 
11.13 
0.15 
11.15 
0.13 
0.13 
O.1(i 
0.12 
1.11 
0.11 
2.5.6 Photon Heating by 112 
The photodissociation of H2 proceeds through the absorption of FUV photons 
in Lyman and Werner bands in the 912 - 11U0~1 range. About 11)`/ of the 
radiative decay from the excited electronic state to the vibrational continuum 
of the ground electronic state. The pumping rate of the molecular hydrogen is 
(Tielens 2010), 
'J „r,l, - 3.14 x 10 iuo( -)G e:r,J) -2.6.4 ] 
	
(2.3-1) 
where pumping rate is in the average interstellar radiation field. The heat-
ing rate associated with the photodissociation of H, molecules is given by the 
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equation (Tielens and Hollenbach 1985a) 
1'j,j = 1.3fi x 10 2; ►t(ff2).1(r)Gc I c'•cN —2.6:Il j er•y cut •; ~ 	 . 	(2.35) 
where '1(11,) number density of molecular hydrogen in the ground state, 
J(-) is the self-shielding factor and the exponential term takes the dust absorp-
tion into account. 
UV Pumping of H2 
hvi Chv 
10.15% 
Dissociation 
IR 	 ColOSional 
Fluorescence 	Deexcitetion, Heeling 
• r n<ncr-10a'cm3 n>ncr 
( 2eV \ f 
"2 	12eV J K2 
Figure 2.3: A s(Tienial Ic diagram of II., pumping. t~IH)1•escenct', dissociation, 
and heating through the absorption of FUV photons. Absorption of an [TV 
photon followed by FUV radiative decay can leave 112 vihrationally exc it cl 
in the ground electronic state. The excess vibrational euery can he einittc'cl 
its a near-IR photuil or the mulecule can be de-excited through collisions. 
therehv heat lug the gas. III ajlxutM 10-15`-(' of the FLN ptlnJ)s• 1-1, qceaLvs to 
the vii irat iuiial c•011tinllutn f the grolold elect•onic state and the molecule 
(li ,c iaat es. Figure adapted from Hollenhach and 'I ie lulls. l)9) 
Most of the Lyman and Werner band absorptions decay back to the excited 
vibrational state of the electronic ground state. At low densities, the bound 
excited vibrational state decay to ground vibrational state through the emission 
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of IR photons. At high densities n > 101 cm j , vibrationally excited molecule 
may be collisionally de-excited by H atom, leading to the heating of the gas. The 
heating efficiency of this process is then approximately (Hollenbach and Tielens 
1997) 
("2 	1112 	(1.17 1112' 	 (2.36) 
where E il, is the vibrational energy converted into heat and lry is the energy 
of the FUV photons. The fraction of the FUV photon flux pumping 1111 depends 
on the location of the H,; H., transition zone. For (7 )/n r 1O-'= cm:; , H•, self-
shielding is important, the H, transition is near the surface, and most of the 
photons that can pump H, are absorbed by H2 rather than the dust. The heating 
by this process depends on the population of the excited H2. Burton et al. 
(1990) have calculated the heating rate because of H., vibrational heating near 
the surface of the dense PDR, where atomic H is the dominant collision partner. 
If the Effective heating per pump is 2.OeV, the heating rate is given by 
I•,, _ 3.2 x 10 12n. 1 rt, c.rys cm 3 . 1 	 (2.37) 
where - is the rate coefficient for the collisional excitation (Burton et al. 1990). 
The population of the excited H2 , n:, is approximated by balancing collisional de-
excitation (n;-; r+,1 ) and radiative decay (:ln.~) with UV pump rate (r+(112 )1, x,,,,,,1,), 
(n( H2) h„ 
	
:N«lN) 	 (2.3$) n.;= -. r~ « + .1 + f•J,«r„r, 
where direct photodissociation out of vibrationally excited state of H2 is 
ignored. Considering that formation of molecular hydrogen on grain surfaces is 
balanced by photodissociation and there are typically nine pumps per dissociation, 
then 
9,, n1111 /4 = 	 (2.39y 
11 ( -r + hrninili 
At the edge of the warm cloud (T — 100011), A. = 0 and .3 = 1, the heating 
rate is (Tielens 2010) 
n,.,. 	-1.-1 x 10`' G , 	1 
I ; ,r 	2.9x 1(1 ii r+nHl; , [1 	(rr ) 	nl'+. '~.r~, —lU(lU;`T]] 	erg  
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where it,,. — .4 '- . Thus at high densities when a >> rn,1 and rr%Gn >> 1, 
collisional de-excitation dominates and nearly every pump into the vibrational 
states leads to the heating of the gas. The heating rate is then 
3 x 10-ii rrnrlk,t 	1U -2 'nn11 erg cnr-3 s t 	 (2.11) 
2.5.7 Chemical Heating 
The molecules in the dense and cool clouds are mostly formed through the 
exothermic reactions. The energy released during the reaction is either con-
verted into kinetic or internal energy of the system. The fraction of the energy 
liberated, that is deposited in the form of heat is quite uncertain. A part of the 
energy is certainly utilized to increase the internal energy of the gas. If Q is 
the energy appearing as heat energy during the reaction and I?, are the reaction 
rates, then the heating rate is given by 
_ 	rn1njR1 Qt j 	(erg rm 	.c 1 	 (2.42) 
where sum is taken over every pair of chemical reactions having the densities of 
ii, and i~ . For simplicity we presume that the total energy released is deposited 
as a heat which is rather upper bound of the heating by this process. 
2.6 Theory of Line Emission 
2.6.1 Radiative Transfer 
Radiative transfer plays an important role in the problems related with photo 
dissociation regions and the HII regions and partially ionized neutral gas regions, 
where an energy transport by radiation may determine the structure of the at-
mosphere, has shown need for methods that yield the net radiative loss due to 
transition of some species of atoms, ions and molecules. 
Among the most extensive applications of atomic and molecular physics 
in astronomy is the precise computation of transfer of radiation from a source 
through a matter. The physical problem depends in part on the bulk temperature 
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and density of the medium through which the radiation is propagating. Radiative 
transfer and atomic physics underpin quantitative spectroscopy. The intensity 
of the radiation changes as a result of absorption, emission and scattering as 
it passes through the medium. For a plane-parallel atmosphere, intensity is 
dependent on z and N. where _- is the depth and N is the angle between the 
radiation and 	axis. If emission coefficient .j,, is the amount of energy emitted 
per unit time per volume per solid angle per frequency, then the change in 
intensity due to emission is 
(11„ = 	 (2..13) 
Similarly the amount of energy absorbed is directly proportional to intensity 
of light, the absorption coefficient is defined as 
cll„ = —nI„cls 	 (2.44) 
The effect of absorption coefficient is to selectively remove light of certain color 
from the intensity 1,,. In general, h„ is a function of intrinsic properties of the 
absorbing material as well as the physical environment of the material. For an 
object whose absorption coefficient is independent of the A. is called a grey body. 
The net change in the intensity after the light has passed through a volume 
element is 
d I„ = j„d s — h„I„cl.s 
d 1V 
h,, 
	 (2.43) 
The ratio of emission and absorption coefficients is defined as the source function 
J~- ~~, = 	 (2.-16) 
After introducing optical depth r,, that describes the effect of matter on 
light along the light path 
(1-„ — —h„(- }r1.. 	 (2.17) 
Using the definition of 7,,, equation 2.45 becomes 
=I- „ 	~„ 	 (2.:18) 
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This is known as the radiative transfer equation. This governs the behaviour 
of light when interacting with matter. In a plane parallel geometry where all 
physical parameters are a function of z only, 
c1~ 
(•o„ O 
	 (2.49) 
If ;, is measured along the z axis and defining p = co.-A the radiative transfer 
equation becomes 
,r1. 
-1„—S„ 	 (2.301 
U. 
If the radiation field is constant everywhere in a region of space , then I, = 
S,,. And also the source function is given by the Planck function under local 
thermodynamic equilibrium i. e., 
S. j` —13t, 	 (2.51) 
h',. 
The solution 1„ -- 13„ is known as the equilibrium solution of the radiative transfer 
equation. 
2.6.2 Solution of the Radiative Transfer Equation 
Recent observational studies of FIR and submillimeter transitions show that most 
of these lines are optically thin except 01 (G3pm) and few low lying rotational 
transitions of CO. In light of these observational facts the optically thick (semi-
infinite slab) assumption of de Jong et al. (1980), extensively used in models 
to calculate the escape probability is not a safe approximation. So while con 
sidering the cooling, escape of radiation from both the surface should be taken. 
It has been done in the present case but while calculating the intensity escape 
of radiation towards the oberver should only be taken. Need for the same have 
been pointed out by Malhotra et al. (2001). 
In order to meet these observational facts the escape probability formalism 
should include the escape of photons from both sides of the slab. For this purpose 
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the radiative transfer equation in a plane parallel slab and isotropic source for 
distance z and normal to the plane can be written as, 
Ildl, If/ 	_ (1),(.c)'1(T,.ti) — S„(7.)) 	 (2.52) 
The solution of the transfer equation depends upon the boundary conditions. 
Two problems of fundamental importance in Astrophysics are those of a finite 
slab of material, or a medium (e.g. stellar atmosphere) that has a boundary on 
one side but is so thick on the other side that it can be imagined to as extending 
to infinity- semi-infinite atmosphere. 
For the finite slab problem, we may specify a total geometrical thickness z 
and optical thickness -:,. Following the convention, the optical depth is taken to 
run from li to 7,,, away from the observer while the geometrical depth scale runs 
from U to towards observer. T. is the line profile at frequency ii. 
The above differential equation must have an integrating factor, namely 
exp(-- %L, thus 
l 	 1 ' — —.~ ~Xp( — T`fllL) 	 (2.53) 
so that 
dt :_=I XI)( —P/1i) _ — J 	S(t)exp( t//t) 	 (2.5f) 
or 
!(ri .ji) = I( 2 . ) XI) -i 	5(1)eXl)H(1—Tj)(h/td—dt(2.55) 
For example, suppose we set , i — 0 and take the limit as -, —• 1; thus we 
compute the emergent intensity of a semi-infinite atmosphere. Then by virtue of 
equation 2.55 
1 (t). ) — I 	..(t) exp( -14)//i) 	(/t 	 (2.5ti) Jo II 
Suppose we consider an arbitrary interior point in an atmosophere of finite 
thickness T and apply the usual boundary conditions. Thus considering first 
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the case of Et > 0 i.e. outgoing radiation towards the observer, we have from 
equation 2.55, 
j - (T. p) = Lini. j'I(T2. µ) exp( — (T2 — r)
/ 
	S(t) exp 
I
—(t-7) 
1'
] dt(2.57) 
for () < i, < 1 or from boundary condition T — x 
1 	r 	(l) i (1, 
I l r. /I) = + 	 .S(t) exp 1 -(t - T)- -dt 
JrT 11 lI 
(2.58) 
Considering now /t < I► i.e. radiation away from observer, we take m —> I1 so 
that, 
f Jl1 (T. —16) = 1(0. —/l) e\I)(—T! ) — 	exp [- (T — 1) ~L T dt 	(2.59) 
(0 c/I< 1 ) 
or from boundary condition 2.11 
1 -. —p _ — 	~(1) exp l —(7' — t) _] —dt 	 (2.60) 
J;i 1. 	11 	Et 
Equations 2.57 and 2.59 constitute the complete solution of the transfer 
equation if the source function .~(T) is given. After having obtained a formal 
solution of the transfer equation, we may now perform integration over the angles 
to derive the specific intensity and to write the solution in a concise and useful 
form for escape probability formalism. 
Making use of solution in equations 2.57 and 2.59 for more general purpose, 
we have, 
/'.1 
1 (,.11 exl){—(1 — ;!} i- J S(t)exl{—(T—T)~~}~r dt]dtc 
+ 1/2 J 1 in• —li)<'X (—r—} 	
~
S(t)ea){—(; — t)—}—(/t 
I
dli (2.61) 
t1 	. /l 	It 
 
Since t and to are independent variables, we may change the order of integra- 
	
tion in the second term of the parentheses. Putting u• = 1/ // so that 	_ 
we get 
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= ~1+(r. tr' 	xl){—u(1' — T) 4 )}—, 
1 I~ 	 ~ 	 cltc• 
J 	f )1i1 j eXI){ _rr (( _ -)(P } _ 
tt 
1  
IN: 
 
(XI){ -rr c"T — tl(I)}-u 
	
-- 	(2.62) 
tr 
The integrals against it are of a well-known form and are called the exponen-
tial integrals. In general, for integer value of ,t, one defines the ct r}' exponential 
integral by the expression, 
D 	 1 
L'r 	— 	rxh( rte%tTI) _ ~.fl 1 	exhi t /t)rlt 	 (2.63) 
t 
Thus in terms of L'1(.r) and f;c(.r) equation 2.30 may be written as, 
f 
j(r) — 	 1 `(T,tt)L2 i(T — T)cj[ - 
1
J
T
0 
	
S(()E1 [(f — T)o[cll 
11 (0. —t,1 E (•ro) + of S(t)E, [(T — t )ojdt 	(2.61) 
Now reintroducing the frequency subscript, equation 2.62 may be written 
as, and replacing I`(7.E1) and 1- (U.—ir) by I„(T„) and 1„(0) respectively, we 
have. 
/1 	I 	= 	 ,,-,:'~F. ~( 1. - T")(.')„(.t'I~  
/ 
S,(t)F l;1 , —  
1 	T. 
+ 	f S,,(t)E,[(l — 	 ,:clt 	 (2.65) 
Now the profile function can be normalized as follows, 
o(.r.)d.r = 1 	 (2.66) 
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This takes the form. 
_ —I,.r;,.;. 
	
—  
1,(~~~ 
	
.r)E2[(r~ — t }C>~(.r)]d.r 
+ /o, 
S(I)(/l 	UE1[(Tv — t 
—  
•1:  
S(r)ilr 	 — T)(.c)jd.c 	(2.67) 
Combining the two integrals over t and writing the equation in terms of 
kernel functions !; i and k, defined by Avrett and Hummer (1965), 
— Tv) 
kI[ubs(T„ — t)1S1 (t)dt 	 (2.68) 
Where, 
' 
ki[ab.s(T„ — t)] _ 	J 	02 (x)Ei[o„(x)abs(r„ — l)]d.r 	 (2.69) 
and, 
= I.  v,,(.r)l o,,(:r1 idx 	 (2.70) 
x 
Using the properties of exponential integrals one can write, 
— tilt = 1 	 _ 	— 5 h•, T, — T,,) 	 (2.71) 
Although in reality the homogeneous and isothermal clouds do not exist but this 
assumption will simplify the equation 2.67 as, 
J,(J 	 ,(7,)l1 	., 	 ,)i(2.72) 
Where .1(T ; ) = I /'?k~(-,, ). This is defined as the probability that a photon 
emitted at -;, will escape the boundary. 
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As observationally has been found that most of the lines are optically thin. 
Therefore, the assumption in TH model that optical depth 7,, being x is contrary 
to the observations. If 1L, -- 	, the equation 2.72 reduces to, 
'~ 	 (2.73 )  
This is the expression used by de Jong et al. (1980) and Tielens and Hollen-
bach (1985). Thus in reality, the expression 2.73 should not be employed for the 
interpretation of the observed line intensities from PDRs or diffuse clouds when 
the lines are optically thin. 
2.6.3 Cooling 
(a) Level Populations and Cooling Rate 
Assumption of Non-LTE rate equation and equation of state lead to huge 
increase in the level of complexity of the atomic physics, coupled with the radi-
ation field. Thus proper formulation is required elaborating numerical methods 
needed to solve the coupled atomic-radiation problem. That means taking ac-
count of all radiative and collisional processes that determine level populations. 
The Non-LIE problem is further complicated by the fact that radiation field L. 
itself is to be derived self-consistently from an iterative process. To solve the 
level population of multilevel molecules and also of atoms and ions at a partic-
ular position z in the cloud, all the populating and depopulating processes of a 
particular level i of a species x are considered. In general we can write 
(2.7.1) 
where ,~, and ,1) are number densities of element x in levels i and j. R, is 
expressible in terms of radiative, induced and collisional transition probabilities 
rl,,, I3t; , and (' respectively as follows: 
I'; j(.r) _ 	 l ) i) - R, (.r) <./ > —C (.r) 	(I % J) 
- B,J (.I') < .~,~ > -.-C,f) 	 (I < j) 	(2.75) 
The mean radiation field < ,1, j > includes the background radiation and the 
local source function. With the assumption of the complete redistribution of 
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frequencies for a spherical cloud, the maen radiation fileld - .1, , > may be 
written as (Qaiyum 2006) 
1= > _ S::(r~,1_1 —.1(T„)—,j(1~—;JI +J:(0)j(;1,) 
I, r,,13(t,, — T,,l + B,,(7,) T (3(T,,) 	3(c„ — Tl! 	(2.76) 
where 1317,' is the Plank function at frequencyv;J. Si, is the local source 
function, given by (de Jong et al. 1975), 
	
5 (.A = 2hv, {r2 n 1 .r1q~(.r)lr, f.rlrj.ri — il} , 	 (2.77) 
where !/', are the statistical weights corresponding to level i nad j. The escape 
probability for a spherical cloud (Goldsmith and Langer 1978) is 
= (1 — r.--, V; )/ - (r ) 	 (2.78) 
Scoville and Solomon (1974) have explored a similar model of a plane parallel 
cloud with uniform density and obtain for escape probability. 
(1 —. c 2.3a'.~;.rii.i<.~t~irJlr 	for T 	7 
5~ 1 _ 1T !li(T % f U for r > 7 	 (2.79) 
The numerical results at large value of -,J differ from those of spherical clouds. 
The optical depth 7,,(.1-) in the velocity gradient model is, 
— Ii rr,(.r•!13, ;.r; 	rrt.rI3„i.r, 	jdi rlr  
After simplification this becomes 
.~'  
J 	— 1 -s- 	 .81) 
;,1' .I 	 .\q, 	be n 
Considering all the possible transitions from a particular species x, the total 
cooling rate (rr•q (•,rr `.'. ~) is after Goldsmith and Langer (1978). 
{1!(.i ).1J , — BJ ;u(Lv;~)] — !1,(.C)B J u(li,J )} 
~,,(L, — E,) 	 (2.82) 
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Here iii' ', is the energy density of the background radiation in which we include 
beside the universal backround 2.7K also FIR field. 
(b) Induced 'Transitions 
Level populations of atoms;` molecules are very much governed by the in-
duced transitions due to the background radiation combined with the local source 
function. It is customary to consider only the universal background radiation of 
2.7K. It has never however been observed that a number of cool and dense clouds 
are associated with HII regions, and in neighbourhood of the HII regions a typical 
value of grain temperature is found to be 60K with an optical depth of unity at 
60 jim (Westbrook et al. 1976). Following Ungerecht and Walmsley (1978), we 
attempt here to take into account also the FIR field from associated Hil regional 
(Qaiyum and Ansari 1973b). The field can be aproximated as: 
.JIH(V) = n:Bv,(T)(l — 	 (2.:3) 
In this expression w is the dilution factor equal to 0.T — 1.0 depending upon the 
proximity of the regions considered here. B(7 y ) is the Plank function at grain 
temperature T,. ;,, is the dust optical depth, which is determined by using the 
observation that , J = 1 at the turn-over frequency GOpin but it may vary at 
Hence the level population and the resulting cooling are calculated here using 
the FIR field. 
(c) Cooling by Atoiiis. Ions and Molecules 
The interstellar gas is cooled by neutral, ionic and molecular species colli-
sionally excited by electrons, hydrogen atoms or its molecules. The selection of 
a particular coolant, in a medium of temperature range 10-500K, depends upon 
two main parameters that enter into the cooling rates, namely, the level spacing 
— 	and the abundance of the species. 
For a two level model, the cooling rates in the optically thin and thick limits 
are proportional to "/(.rh( 7/T) and T'r.rp(—'I' /7~) respectively. So we 
may argue that, in the temperature range mentioned above, the cooling from the 
species having very low and very high splitting, T, < 1 and T,,,,;( ,( ,f; respectively, 
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is therefore unimportant. Since the rotational splitting T; , in the molecule is 
inversely proportional to moment of inertia, molecules with three or more heavy 
atoms (large moment of inertia) or with none (small moment of inertia) are 
unimportant for the cooling of the clouds in the range 10-500K. Consequently, 
the the important molecular species are H>, HD, HCl, CO, 02 , CS, .5'rD, H,0 
and HC .\' apart from the atoms of C', 0, Si and /' and some of their ions. 
Furthermore these molecules may have also an appreciable fractional abundance 
and have also a low excitation energy in the range 10-500K. 
Apart from the level spacing and the abundance of the coolant, the cooling is 
sensitive, in general, also to the parameters: kinetic temperature, density, velocity 
structure and optical depth. Besides these parameters the cooling depends also 
on the collisional, induced and radiative rates and the resulting photon trapping. 
The most abundant atomic species Cl and its ion CII, the fine structures 
of the latter are =Pj > • 'Pl  (91.3K) and of the former 3 P. 	P, (38.9K), 
and '1', —. 'Pn (23.6K), have low excitation energy (level spacing) that can 
be collisionally excited. Other haevy elements Sr, S and I'( are mostly in the 
ionised form to a greater depth in cloud. The analogus transitions of ionised 
atoms, namely, .5711 [1,1 	• 	 2 (413K)], PcII [`'D , — 1)-,2 (554K)] 
and also of 01 [3Pn 	(97.9K), 'P, — 'P> (228K)] will be suppressed by 
the Boltzman factors in the collisional excitation rates at very low temperature, 
thereby negligibly contributing to the heating. Since in the present calculations 
the temperature in the outer regions of the clouds (i.e. in the neighbourhood of 
HII regions) may be about 100K or more, therefore, the cooling from these species 
is also considered. However ions of 511 and .\1 cell are ineffective, because of 
their too high excitation energies, e.g. for SII 1;, = 21100K 
The cooling due to fine structure transitions of CI, CII, 01, OIV, NII, Sill, 
Fell and CO excited state by electron, Hydrogen atom and H2 molecule has been 
studied by Tielens (2005), Kwok (2007), Tielens (2011), draine (2011b) and 
Shafiqullah et al. (2011). But in the present focus is on 63 jim and 145 Farr 
emission lines of 01. 
In neutral gas/photodissoci at ion regions temperature are often low, therefore 
dominant cooling occurs through excitation of low-lying states like fine structure 
or rotation levels with I:' 	TOOK. These regions contain mainly H and H2 
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but some elements are also available through ionization of trace species with 
ionization potential < I i.6ct7. These include C. 5 and Si. At low densities 
excitation by electron can he important but at high densities excitation by impact 
of H and H2 dominates in the neutral and molecular gas. The importance of 
excitation rates by e, H and He can be understood in terms of the critical density 
n defined as the density at which collisional de-excitation rates equals the 
radiative de-excitation rates, 
71c — ~a" All 	 (2,84) 
7-1z1 CV 
These critical densities for important cooling lines of neutral gas are shown in 
Table 2.4. 
The fine structure lines with different critical densities (e.g. [01] and [CII]) 
can be used for estimation of density. Lines with similar critical densities (e.g. 
63 and 145 µm lines of 01) can be used as temperature probe. CO lines can be 
used as tracer of molecular hydrogen density. 
2.6.4 Dependence of Heating and Cooling on Model 
Parameters of Neutral and Partially Ionised Gas 
In order to calculate photoelectric heating rate consistent with the observations, 
photoemission processes and associated grain charging, realistic photon yields, 
distribution of photoelectron kinetic energies and electron sticking coefficients are 
very important under different interstellar conditions. All the parameters depend 
on the grain size, composition of grain and charging state as well as the spectrum 
of the illuminating radiation. Bakes and Tieiens (1994) and Weingartner and 
Draine (2001) have discussed all the aspects in great detail and also it is discussed 
in section 2.5.5. BT have given a formula for photoelectric heating rates, while 
WD have proposed a set of formulae based on the dust model of Li and Draine 
(2001), which is claimed to be valid under variety of conditions. 
The photoelectric heating rates 1 royal/Gon for ISRF of Meager et al. (1982) 
and Mathis et al. (1983) in a range 10e < Ge VT/n, < 10°K= (crow) for WD 
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Figure 2.4: Phot.oelect ric heat itib rat ' l ror«1 Per hydrogen density foraverage 
interstellar radiation field of Mezger et, al. (1982) and Mat his et al. (1983). 
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Figure '.1.5: Photoelectric heating cificiencvv at n = 111'(crn j) 
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Table 2.4: Characteristics of important cooling lines of neutral gas 
SpEciF.S L l)J)erlet el Lorrcrleuel A„t L' n,- (LIE-aIioui) ii.(Kyriroyn 
X rr 1 /t)ll_ 1 t r-rrr -3 aril 
C'+ P3/2 2p19 157.7 92 2.4x 1 O G 6.3 :3.0 x 10• 
C 3P, 31?r 609.2 23.6 7.9 x 10-M 26 1.7 x 102 
C 3 P> 3 Pl 369 38.9 2.7 x 10 7 18 7.1 x 102 
O 3P1 3P, 63.2 •_'288.95x10" G.1x10'3 9.7x10' 
0 1.15.6 Y 8 1.7 x 10 	' 3.1 x 10: 1.5 x 10~' 
Si" 2 p 9 2 1 )1 34.6 414 2.2x10-' 6.1x10' 3.4x10`' 
1'c 7 6D, 61)9 ,2 26.0 554 2.1 x 10" 6.0 x 102 2.2 x 106 
35.4 -lU7 I.6 x 	1() 3 1.3 x 1O; :3.3 x 10° 
CO ` 1 0 2.6 x 10'3 5.5 7.2 x 	11 J -' 1.1 x 103 
i.rotutionul) 2 1 1.3 x 10' 110 6.9 x 10 ' -- 6.7 x 103 
3 2 8.7 x 102 16.6 2.5x10'' - 2.1x10' 
4 3 6.52x102 22.2 6.1x10' 4.4x10' 
5 4 5.2x 1112 27.6 1.2 x 	10-'' - 7.8x 10' 
6 5 4.34 x !(J233.2  2.1 x 10-" 1.3 x 10' 
7 6 3.72 x 102 38.5 3.4x10- ' 2.0x10" 
* Ua/cttlatec for T, = 1(ljfi' 
and BT models are plotted in Figure 2.4. From the Figure it is clear that for 
('0 \-'T,,'r,, < 10" (i.e. neutral medium) photoelectric heating rate due to WD 
is slightly higher than BT. Contrary to that for the medium (I ) \ /1'/u1, > 10:' 
(where grains are positively charged) the photoelectric heating rate due to BT is 
higher by number of factors. On two counts WD and BT models differ. Firstly, 
the electron attachment coefficient, which governs the neutralization of the grain, 
used by BT are larger by many factors than that used by WD. Secondly, WD have 
included silicate grains in addition to small and large grain of PAHs and graphite 
(a > 100A), while BT considered only PAHs and graphite grains up to u < 102:1. 
When grains are neutral i.e. ('T/n, < 1U', sticking coefficient plays no role, 
photoelectric heating rate due to WD is higher because of consideration of large 
number of grains. When grains are positively charged (i.e. (;; `.'%'- rr > 1O3 ) 
BT dominates over WD due to high sticking coefficient of electron (Se). 
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Log (IF1R(ergs cm-2 s-1  sr')) 
Figure 2.6: Ratio of [CII; line and far-IR intensities at nn = l (i (cm j) 
Although bulk of the FUV flux is absorbed by the grains and reradiated 
as infrared continuum, a fraction r termed as photoelectric heating efficiency 
(the ratio between the kinetic energy of photons available to heat the gas and 
FUV energy absorbed by the grains) heats the gas through photoelectric heating 
mechanism. The value of e calculated for hydrogen density n= l(P(cin ) as 
a function of infrared radiations IFM (ergs c in .. '.,n, I ) are plotted in Figure 
2.5. From the graph it can be seen that efficiency is maximum for low 1,. «{ which 
represent a cold and neutral medium. Maximum photoelectric heating efficiency 
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Photoelectric Heating 
- - CII (158µm) 
CO (J=1-0) 
• • .. • 01 (63µm) 
0 	1 	2 	3 	4 	5 
Av (Visual Extinction) 
Figure 2.': Photoelectric heating (\\'1)2O()1) and cooling due to line emissions 
of CII. 01 and CO for h drogen density n = 104(cm 3) and Cr) = 104 
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for WD is -.- 0.029 which is almost same as obtained by Juvela et al. (2003) 
from HLCs while for BT it is slightly low. Due to increase of FUV radiations 
more and more grains will be ionized and energy carried by the photoelectrons 
(liv - I;,) will be reduced due to positive charge on the grain. Thus heating 
efficiency decreases with increasing G,, (increasing 1 f: //{ also) and decreasing 
density. Calculated intensity ratio of [CII] line emission and FIR (1(11/11:/I? ) vs 
11-1 p, is plotted in Figure 2.6. In a diffuse medium (low density case) exposed to 
weak FUV radiation ( i.e. low 1 f - jI; ) the maximum intensity ratio is very close to 
2.5x 1t) = for Weingartner and Draine (2001),while for Bakes and Tielens (1994) 
expectedly it is low. 
Percentage of photoelectric heating radiated away as CII (158pm) line emis-
sion has been graphically demonstrated in Figure 2.7. From the Figure 2.7, it 
is quiet clear that major fraction of the heated energy is radiated away in the 
form of CII line emission for n11 < 11Yl and Go < 1U. These conditions are 
most often reported in the neutral gas of galactic and extragalactic medium. 
Therefore, in the present work more attention has been paid to CII (158u,i) for 
estimating the density as well as starlight intensity G(j , In Figure 2.8 heating 
and cooling rates has been plotted as a function of visual extinction (.4i:) for 
hydrogen density = 1U -1(um s: and C0 	10'. It is established from the Fig- 
ure 2.8 that in the interstellar medium (.-lt• < 2) the gas is mainly heated by 
photoelectric heating by FUV photons and main coolant are CII (ii ii) hy- 
perfine transition =Pi 	2P1 and 01 ((ea!nn) 3T, • :i l', being the next most 
important coolant. Thus [CII] and [01] line from neutral regions can be used 
to derive the gas density n and also the incident FUV (6eV hi' < 13.6 eV) 
radiation. Although region of both the elements are same, therefore, the beam 
filling factor of the medium during the observation will be almost same, although 
total intensity of the CII line being greater than that of 01. Similar behavior has 
been observed in most of the galactic and extragalactic neutral gas medium. In 
the interior of the cloud the main coolant is CO molecule which can be used for 
estimation of the molecular hydrogen. 
Inspite of the fact that line strength of [CII] 158 iiiin, is greater than [01] 63 
pi,i, in most of the cases but both are equally important emissions as a tracer of 
the hydrogen density and FUV flux. Further beam filling factor for both these 
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lines are almost same. It can be visualised in Figure 2.8. It is worth mentioning 
here that in a cool less dense region exposed to weak FUV field, more than 91l'% 
of energy radiated away is through [CII] 158 pm lines leaving [01] 63 pin , and 
145 pin very faint and as a result these lines are not detectable (Figure 2.7). 
Therefore [CII] 158 jim line is the most and [01] line at 63 lim is the second 
most commonly observable line. It can also be seen from the sample of the 
196 galaxies, where 63 fim line is detected in 133 galaxies and 145 jim line is 
observable in only 33 galaxies. 
In the interior of the cloud the composition of the CO plays an important 
role. For weak UV flux and dense medium abundance of CO molecule and also 
H , molecule in the interior are having sufficiently high abundance and cooling is 
also dominated by different rotational transitions of CO molecule. Therefore CO 
molecule can be used for estimation of molecular hydrogen. 
The range of interpretations for the origin and behaviour of the [CII] line 
in particular, and FIR cooling lines in general, emphasizes the need for studying 
the suite of FIR lines in a large sample of galaxies. LWS and IRAS has made 
it possible to observe a large number of atomic and ionic fine structure lines in 
FIR with unprecedented sensivity, so that a large number of galaxies could be 
observed. 
To understand the far-IR line emission, we must also understand the con-
ditions of the ISM that lead to far-IR emission. We determine the average gas 
density n and radiation intensity G„ within interstellar medium of each galaxy 
assuming that all the emissions originate from partially ionized medium by com-
paring [CII], [01] and FIR. But integrated [CII] intensity along a line of sight 
may additionally include contributions from [HII] regions surrounded by partially 
ionized region and also warm diffuse ionized gas. This additional [CII] emission 
must be caliberated which is possible only through 122 pm emission of [NII] 
which is not in ionized form in partially ionized medium but emission comes from 
warm diffuse gas. 
Chapter 3 
Infrared Emission from 
Interstellar Dust 
For the initial detection of 60 and 100R' cirrus emission, Low et al. (1984). 
Draine and Anderson (1985) calculated the IR emissions from graphite/silicate 
grain with grains as small as 3A and argued that 60 and 100timn. emissions could 
be accounted for. Further processing of IRAS data revealed stronger than ex-
pected 12 and 25 pm emissions from interstellar clouds. Weiland et al. (1986) 
showed that this emission could be explained if very large 3-10.$ grains were 
present. More recent observations have shown that the interstellar medium ra-
diates strongly in emission features at 3.3. 6.2, 7.7, 8.6, 11.3. 119 Fran. To 
account for all these features, Li and Draine (2001) adopted a dust model which 
consists of a mixture of amorphous silicate grains and carbonaceous grains, both 
having a wide size distribution ranging from large grains -'- 1 pm in diameter 
down to molecules containing tens of atoms in which 60 x 10-eof C (relative 
to H) is locked up in PAHs. It was assumed that the carbonaceous grains have 
graphitic properties at radii a ? 50 pni and PAH-like properties at very small size 
< 20A that accounts for the 3.3. 6.2, 7.7, 8.6 and 11.3 Eon emission features 
seen in wide range of objects. 
The profile parameters, adjusted to closely resemble the observed profile 
have already been discussed by (Tielens 2010, Smith et al.2007; Draine and Li 
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2007), providing a comprehensive study of the 5-35 pm emissions from galaxies. 
It has been shown by Draine and Li (2007) that some negative features as rec-
ommended by Mattioda at al. (2005) has a negligible effect on the heating and 
cooling rates of PAHs except in regions illuminated by very cool stars, T,11< < 
1500K. 
It has been established by Li and Draine (2001) that thermal equilibrium 
breakdowns for grains smaller than a — 250A, (where a is the radius of grain), 
which is heated by individual photons. These small grains get much hotter than 
the temperature derived by equating the power absorbed with that emitted. The 
effect is most obvious at short wavelengths (A e  60µm), while observed dust 
emissions for A > 60A from the interstellar medium can be be explained in terms 
of emissions from big (a > 250A) silicate and carbonaceous grains and can be 
obtained from thermal equilibrium brightness. However, from the Figures 12 and 
13 of the Li and Draine (2001) it can be argued that for large FUV interstellar 
radiation field IR spectra at wavelengths (A > 6Opm) can be safely represented 
by thermal equilibrium brightness within the observed uncertainty. In the present 
work for most of the sample galaxies, FUV radiation field is expected to be fairly 
large. Therefore, temperature of spherical grains obtained from the balance of 
photon absorption and emission will give a representative value of dust emissions 
at A > 60fcm. 
3.1 Heating and Cooling of `Classical' Dust 
Grains 
In this section we have attempted to understand the energetics and physical 
conditions for the grains in the interstellar medium. We self-consistently solve 
for the grain temperature and consequently FIR emission by equating the power 
absorbed by the grain to the power emitted by it. This requires, 
r cc 
172a I GoFae A,Q.bsr(a, m)dA 
0 
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4ff2u2 J w B(T3)Q(. rdA 	 (3.1) 
u 
where RJ(To ) is the Plank function, To grain temperature and Qab,A(a, m.) 
is the absorption efficiency for the material m and spherical grain of radius a 
at wavelength A. 	— I stands for the silicate grain and 2 for carbonaceous 
grains. Drains and Li (2001) have shown that balance equation (3.1) breaks down 
for smaller particles, (a < 250A) which are stochastically heated. However, it 
has been shown by Ingalls et al. (2002) that effect is most obvious at shorter 
wavelengths, A < GOprn and in any case it affects <20% at 60µm. It has 
also been shown by Draine and Anderson (1985)that lower cut ofFof the size of 
the grains does not affect appreciably Icn,t,; Iror,L,,, ratio also. It is therefore, 
assumed that equilibrium approach does not affect significantly the conclusion 
drawn from FIR in the bands of 60 and 100 pm. 
To calculate the energy absorbed by the dust grains, we estimate the ab-
sorption cross section per hydrogen atom as a function of wavelength following 
Ingalls et al. (2002). 
The expression for energy absorbed may be obtained by integrating over the 
radiation field GnFF'a and absorption cross section ax as, 
F = 4a ~ 	GoFAE `GAdA 	 (3.2) 
.L09127. 
Following Li and Draine (2001) for Qa~~(u,'m) and albedo w — ,, arr /Q„Fe/[l+ 
Qscatt/Qmes], the expression for average energy absorbed by the grains becomes, 
F = Go J 	S eI—rt"A"1 dA 	 (3.3) 
a.n91ZI„n. 
where for polyatomic hydrocarbons and silicate grains SS(— Fyaa) as simplified 
by Shafiqullah et al. (2011), is given as follows. 
For polyatomic hydrocarbons, S\ are. 
FAr 'z =Sa 
4.2 x lU-2~at.7372 	U.0912µrre < A < 0.11Nan 
2.23 x 10-2Sa—I M, 	0.Upm <A < 0.134pnn. 
7.758 x 10-2tlA-3147”. 	0.1342µm < A < 0.1661im 
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1.10-1 x 10A' ;`22. 	0.16Gµtn < A < 0.181µm 
3.O77 x 1O 2. \2.322. 	0.1t~1 yin < A < (J.24?' iii 
C,(\)=1.(3 x 10 30\ 1.33 O.2-13{tm < ,A < 10/tm 
C1 (A)1.8:392 x 10A' 7 '2. 10jim < A < 19.2/tin 
0,(\)1.153 x 1)) JO,\ -O.196. 19.2{tm < \ < 5D irn 
C,(.\)1.964 x 10 21 ,\ ' 7 •'. A > -50~tm 
and for silicate grains, ."' are 
7.095 x 10 	 0.0912M~t < A < 0.l 1pnt 
:3.76 x 10 25A ° ', 	0.111im < A < 0.125/1?!? 
1.352 x 10 `'A u. 	0.125/lm < A < 0.13=1µm 
4.7 x 10-27A 2.r;,`~,, 	().l34jim < A < 0.2803jtm 
0(,A) 7.619 x 10-30,A -°--S ''4 . 0.2803jtm- < ,A < 0.6562Etm 
C,(,\j3.120 x 10-30A-261. 0.65G2jutt < A 	3.0395jt,tt 
x ]0 31 A 0.352 3.039Sjim. < A < 10.001tm 
Ci (,\)1.2 7 0 x 10 27A 297 , 10.0Obm < A < 1•1.9254ptm 
(',(A)-1.508 x 10A'.s3. 1-1.925.1/trtt < A < 2•1.39021im 
C,(\)4.305 x 10-29,\ -`' 22. 	A > 21.3902jnn 
	
(3.4) 
where C, i ,\ ; = uv, B,\ T , . and ti,, and T are given in Table 2.1. 
Again following the Ingalls et al. (2002), integrating over the grain distri-
bution, the dust thermal emission is, 
- 	"nom j 	l3,v(1 i})(1v(a. m)u t.:,da. 	 (:3.5) 
which may be transferred into the form, 
11Ba(7 )(-la .'\;,;.'il 	.. ) 	 (3.6) 
Again following Li and Draine (2001) for Q(n. m i and albedo w, the expression 
for thermal emission is, 
.1a.a = r,B(T0)E,. 	 (3.7) 
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where for polyatomic hydrocarbons and silicate grains E,\ , as estimated by Shafiqul-
lah et a). (2011) is given as follows, 
For polyatomic hydrocarbons, EA are 
2.234 x 10 -22,\-o.6914 
3.00 x 10 2 A-3.ss14 
1.05 x 1 Q-23A- I.99, 
.19 x 10 23 ,\ 	0.9-19J • 
6.6640 x 10-21A'.449~ 
4.5215 x 1(I-'!)A3.!)334 
1.11 x 10:J,\ 
1.11 x 	10 22A 	1.33 
4.10 x 10 25 \u 75! 
2.76 x 1U- 23A-n.tsr~ 
0.09121fm < A < 0.1167wn 
0.11071im, < A < 0,12•0jim 
0.125U/tni < A < 0.1'129 ins 
0.1429/1m < A < 0.1S85jtm 
0.1585µm < A < 0.l883jurf 
0.1883~trn < A < 0.217]~tin 
0.21711im < A < 0.2=180/im 
0.2480pm < A < l0jtnr 
10 trrr < ,\ < I O.2 t.rn 
19.2jtnt < A < 50 iin 
I.70 x 	111 	13 \ 	5.74• \ > 50/trrr 
and for silicate grains, EA are, 
3.(i4 x 	1) 	"2 ,\ 	. 0.0912~tm <\ < (1.1 167//11? 
5.53 x 10 22 A °312. 0.11G7pm < A < 0.12 0 im 
3.0: 	x 	11) -22 ,\ 	. 0.12SUjtm. < A < 0.1408jtrt, 
2.26 x 10 22,\ 0.734. 0.1 108Eun < ,\ < 0.1667prn 
1.890 x 10-22,-n.sac 0.1U67pin < A < 0.2U37jiin 
2.24 x 1022,\ 	0.731 0.2037µm < A < 0.2803Etm. 
1.83 x 10-22 A 	n 7. 0.2803pin <A < 0.6562p m 
7.48 x 1U 	''s 	.i)1 (1.65621tin < ,A < 3.0395/,, 
6.9 x 10-24 \-o2. 3.03O5jtnr < A < 10.00pm 
30.40 x 10 -2',_ 2.97. IO.OUp in < A < 14.5)2;-1/tt» 
1.1 x 	10-25,\1.6.1. 14.925 Iptu < A < 21.3902jutz 
10.3 x 10 	2t \ 	2.z A > 24.3902Ettn (3.8) 
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The intensity of FIR emission for grains in steady state of temperature is 
obtained by integrating thermal emission from the surface of the cloud to :1v as, 
~t. 
IFrtr( ,A. Cu) = 1.87 x 1U' 	1aa(.1v.  (,'r1 )d:11 	 (:3.9) 
If A is taken upto the centre of a symmetrical one dimensional cloud then 
the said equation is to be multliplied by a factor of 2. The value of Al. is taken 
as 100. In order to calculate the continuum intensity from a partially ionized 
region illuminated by FUV field G(,, we follow the following steps, 
(i) Attenuation of G„ are obtained at various regions of PDR shielded by gas and 
dust. 
(ii) Grain temperatures for different grain types at various positions of neutral 
gas 'PDR are solved self-consistently. Consequently FIR emissions for time steady 
neutral gas region are evaluated. 
(iii) Thermal emission from the surface of the cloud to A k are integrated for 
finding intensity. 
Total flux thus obtained for various FUV field Gc, are fitted as a function of 
wavelength ,\ and a parameter T o (termed here as dust brightness temperature) 
for obtaining Far-IR surface brightness spectra for thermal equilibrium emissions 
from model clouds in the following form, 
(( 	,\" `rt) 1)~.,\~1; 1 — 1)). 	 (3.10) 
where C,; is a constant and its value depend upon the chosen unit of wavelength. 
Extensive calculations have been performed by Shafiqullah et al. (2011) for a 
wide range of G,, that gives the steady state dust brightness parameter To as a 
function of G„ as. 
14.796 x (.014- 
	
(:3.11) 
For the carbonaceous and silicate grains taken together the infrared emission will 
peak at A = 195.30 '~ . This shows that for a range of Can - 10 steady 
temperature T o of grains will provide a fairly good approximation of infrared 
emissions for A > 60jcm. Thus total emission for any medium of interest exposed 
to the FUV radiation field may be estimated using the Plank function. The dust 
A 
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parameter T, so obtained takes care of FUV radiation field for any medium of 
interest exposed to the FUV radiation field Gr. 
Thus total FIR emission for any medium of interest exposed to Gu  field may 
be estimated by using equation (3.10) and Far-IR surface brightness spectra for 
thermal equilibrium using equation (3.10) and (3.11). It can be safely concluded 
that band ratio F(60prn)/F(100{em.) is almost independent of the fraction quaff  
of the total dust mass that is in PAH. The same has been corborated from the 
work of Draine and Li (2007). 
3.2 Heating and Cooling of Ultrasmall Dust 
Grains: Temperature Spikes 
The IRAS and LWS discovered that wide spread emissions in the bands 12 and 
25µm are much stronger than expected for radiatively heated dust grains. These 
strong emissions for A < 30µm have been successfully explained by Draine and 
Li (2007) in terms of small, stochastically heated grains, where small grains get 
much hotter than the temperature obtained by equating the power absorbed with 
that emitted. The emissivity per H nucleon for dust mixture heated by starlight 
intensity Ge as given by Draine and Li (2007) 
L(U) I = Et dad 	Gtaas(j,a,v)B.IT)  I IP) 	dT 	(3-12) o,c 
2) 
BS T)_ 
c2 eip(hv/k1) — 1, 	
(3.13) 
where the sum is over composition of j and the temperature distribution func-
tion dP/dT which depends on composition j, radius a and starlight intensity Gn. 
For large grains dP/dT c SIT —T) where T, is the steady state temperature 
at which the radiated power is equal to time averaged heating rate for grain of 
radius a. The carbonaceous particles are assumed to have the optical proper-
ties of graphite for radii exceeding -- 300, and to have physical properties of 
PAH for radii a < 50A [radius refers to the radius of equal volume sphere: for 
PARs the number of carbon atoms A'o — 460(u; 10A)s]. We find steady state 
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solution dPJT for grains subject to stochastic heating by photon by absorption 
and cooling by emission of infrared photons, using the 'thermal-discrete' approx-
imation (Draine and Li 2001), where the downward transition probabilities for 
a grain with vibrational energy E are estimated using a thermal approximation. 
For each grain size a and radiation intensity C. the energy range [E,,,,n ,E,,,ar] 
may be divided into 500 bin. E,,,, and E,,,,,,. are found iteratively, with the re-
quirement that the probability of grain being outside the range [E,,,,,,,E,,,,,..I be 
negligible. The effect of PAH abundance rf~.. t1! on emission is most obvious at 
shorter wavelengths A < 30/11n as shown by Draine and Li (2007). In the present 
work we have used the same technique to find the emissions in 12 and 25/tw 
bands. The fitted form of the emissivities of 12 and 231un bands obtained by us 
are presented below, 
10 27(colli(u) 	(1 )( 	± f ~ 	1 	1 	I Fmi..vi~ ilk _ s- St 	11 	 ) 	(3.1.1) 
( 1 -.9ilh ) 
where u = ( and .ru = (0.7 — gp.1,1)/G;;' and the function and constants are 
given the Table no 3.1. 
11k .3.1: flU►rtiou allrl c( I►st ants of the 12 andi 2.5 pin band emissivities 
Binds 	fttllct ion 	 constants 
f 	 ~t 	 C 	(l 	e' 	g 
121tin 2.1588gra1, ;0.2868 1.787 38.739 -0.09908 0.1223 	1 0.1223 
25 j m 0.1)5002 cosh (.ru )Il.2875 1 .5542 6I 829 - ( t   	)8i 11.() 	0.025 0.2 
Thus 12 and 25km bands provide an opportunity to study the physical nature 
of dust and grain properties and also starlight intensities as well as the fraction 
(/ j _1,, of the total dust mass that is in the PAH. Model infrared emission spectra 
for 12 and 23~urr bands are calculated following the model of Draine and Li (2007) 
for a grain model that consists of carbonaceous grains and amorphous silicate 
grains, with size distribution that reproduce the average interstellar extinction 
curve. The emissivities <. i,.J,, > (' r c! s ` 5'r `' 11 ') for 12 and 25 jiiu bands 
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are given in Figure 3.1 and 3.2 showing that emissions in the band 12 tim are 
stronger than that of 25 <<',r for wide range of starlight intensity G,- and larger 
fraction of gp_trr > P.,' of the total mass is in the PAH. However for low value 
of qp lti . 12 jim band emissions are relatively weak. 
3.3 Spectral Diagnostics 
We refer back to the discussion in Chapter 2 on heating, cooling and emission 
lines in section 3.1 and 3.2 in the current chapter on infrared and continuum 
emission. The environmental conditions of neutral and partially ionized gas of a 
galaxy are mainly governed by the steady state assumption wherein we presume 
(i) ionization equilibrium (ii) statistical equilibrium and (iii) thermal equilibrium . 
The formulation of the problems requires elaborate numerical methods needed to 
solve the coupled atom-radiation problem. That lead to a huge increase in level 
complexity and is itself to be derived self-consistently from an iterative process. 
The wealth of information hidden in the complexities may be derived from the 
diagnostics of emission line and continuum radiations from the neutral; partially 
ionized gas in a galaxy that yield not only radiation field and densities but also 
kinematical informations, elemental abundance and velocity field. 
The measured fluxes of [CII] (158 pm) and [01] (63 Ew, and 145 jim) provide 
an opportunity to infer the physical conditions, primarily gas density and the flux 
C, apart from abundances and velocity field. Assuming that [CII] and [01] lines 
and also the continuum are emitted from common region of galaxies, attempt 
has been made to analyse the data in terms of [CII]FIR and F(12 jim)/F(25 
jut'). Correction to [CII] emission data has been discussed in section 4.3.2. 
The two circumstances where we do expect [CU]/FIR ratio to change are 
(1) for high ratio of G„/ n (FUV flux to gas density), the grains get positively 
charged, raising the potential barrier for photoelectric ejection, thereby drop-
ping the heating efficiency (Figures 2.6 and 2.7); and (2) increase in the PAH 
abunadnce which is effective in the increase of emissivity of 12 and 25 jiir bands 
(Figure 3.3). Thus we expect a wide spread in the observational data when 
plotted against the F(12 jinn) F(25 jim). 
In the figure 3.3 and 3.4 the variation of ratio F(121im)/ F(251im) calcu- 
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lated as a function of qp,3 jj for various C„ are shown. Figure 3.3 shows that 
emissions in the band of 12pn, are stronger than that of 25iiin for a wide range 
of C, consequently band ratio 1'(12~,,,r) %F (25~„r,) increases with increase of 
PAH abundance r11-:ifr. But the same band ratio is decreased for increasing Co, 
as shown in Figure 3.4. The decrease in the observed emission strength of 12/171, 
with increasing FUV radiation may be safely attributed to a gradual shift from 
stochastic heating to steady state temperature approximation. Also it may be 
interpreted that in the region where large FUV radiation field is expected the 
gas temperature may be sufficiently high, the impinging atoms and ions can 
erode the grain, one atom at a time, through the process known as sputtering. 
The sputtering depends upon the energy of the projectile, on the composition 
of target, and also on mass and charge of the impacting ion. But it is fact that 
temperature requirement for sputtering is very high which is not expected in nor-
mal interstellar medium Draine (2011a). From the Figure 3.3 it is also clear that 
band ratio is — 1 or more for PAH abundance VAJ! > 1`%. This may be treated 
a good basis for determination of the fraction of the total dust mass that is in 
the PAH. 
The variation of ratio F(601,m.)/F(1001im) calculated for FIR emission at 
thermal equilibrium temperature of silicate and graphite grains exposed to FUV 
radiation field (;() is shown in Figure 3.5. This is based on model of Li and 
Draine (2001) and (Weingartner and Draine 2001). Here the ratio is monotonic 
function of C. Thus observed ratio F(1 GO ,m) //' 100) p m) can be used as a tool 
for estimating the C. Here an ab-initio calculation is used for estimation of C, 
combined with the observational data. 
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Figure 3.3: Ratio of fluxes at 12 and 2:5jTm are plotted against the percentage 
fraction of qp4 jJ of total dust mass that is in the PAH for the various star 
light intensity CO. 
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Chapter 4 
Continuum and Line 
Diagnostics 
4.1 Observational Database 
A large number of atomic and ionic fine structure lines, molecular transitions in 
infrared, millimeter and submillimeter range and also thermal dust emission in 
four bands (12, 25, 60 and 100 Ent) surveyd through Long Wavelength Spec-
trometer (LWS) and Infrared Astronomical Satellite (IRAS) with unprecedented 
sensitivity are available. So that a large sample of galaxies could be observed. 
In this thesis we report and interpret continuum and line observations from 
196 galaxies [Table 5.1], observed with the Long Wavelength Spectrometer 
(LWS) on the Infrared Space Observatory (ISO) and the flux densities in the 
four IRAS bands, taken from Brauher et al. (2008) and Malhotra et al. (2001) 
in which galaxy positions, recession velocities, morphologies, optical sizes are 
given. The sample includes both normal and seyfert galaxies distributed aacross 
the entire sky that were initially selected by identifying galaxies in the IRAS cat-
alogued galaxies and quasars observed in the IRAS survey. A description of the 
extended source correction and how it may be applied to the line and continuum 
fluxes for sources that are extended compared to — 7.1 LWS aperture have also 
been discussed by Brauher et al. (2008). Here [CII] and [01] are the main cooling 
lines of the interstellar medium, the gas heating is dominated by photoelectrons 
61 
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from dust grains (Tielens and Hollenbach 1985; Bakes and Tielens 1994; Dwek 
and Smith 1996', Weingartner and Draine 2001) and continuum radiations in (12, 
25, 60 and 100 µrnr band) from dust presumably radiated away from the dust 
grain either under steady state conditions or stochasticaly heated grains. [CU] 
158 µin is the most and [01] line at 63 µm is the second most commonly detected 
line in the present sample. [01] 145 pm line is fainter and was detected; observed 
only in few galaxies. Out of 196 sample galaxies. 63 inn line is detected in 133 
galaxies, and 145 µm line is observable in only 33 galaxies. As already discussed 
earlier that [NIII] 57 jzn, line is no convincing line and other most common lines 
[Nil] 122 ion and [0111] 88irrn have origin in HII region which is out of scope 
of this thesis. But [NIl] 122 µm lines are also found emitted from warm diffuse 
ionized medium. 
These line fluxes are used to compare the relationship of far infrared fine 
structure line normalized to far infrared continuum evel. Sample of 48 galaxies 
earlier analysed by Shafiqullah et al. (2011) and Malhotra et al, (2001) have 
been included in the present sample of 196 galaxies. These are employed to test 
the theoretcal models of grains presented in the thesis for photoelectric heating 
and photo dust absorption that are responsible finally for radiating the dust at 
60 µr❑ and 100 urn bands and also at 12 µm and 25 pm band. 
The sample of 48 galaxies taken from Malhotra et al. (2001) have been 
used to demonstrate the suitability of models incorporated for calculating the 
line and continuum intensities_ The analysis is presented in section 4.2. 
4.2 Role of Grain Model in Continuum and 
Line Emission 
A significant amount of the total energy radiated from the galaxy is generally 
observed as continuum radiation at far infrared wavelengths (8 - 12 µne) in four 
bands (12, 25, 60, 100 pm), where most of contribution to the total FIR comes 
from 60 µrn and 100 µm, bands likely from large grains in space at steady state 
of temperature. IRAS discovered that wide spread emissions at 12 and 25 }em 
are much stronger than that expected for radiatively heated dust grains. Later 
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against the ratio of flux in the IRAS 60 and 100 dun baled F(60 pm11) /F(100 
<<IIi). The calculated values corrcsloiidilig to each source is based on the 
estimated Go. 
it was attributed to the radiations from polycyclic aromatic hydrocrbons, which 
content varies from galaxy to galaxy (as shown earlier in Figures 3.3 and 3.4). 
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Figure 1.2: The ratio of cuoliiig lilies (C11(15S jim )&OI (G3pprrt)) and FIR 
cuiitinuuin lilteiisities. Filled circles represent the observed values, while 
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Here IR emission spectra are calculated for dust heated by starlights for 
a mixture of amorphous silicate grains and graphite grains including varying 
component of PAH particles. The calculation includes the effect of single photon 
heating. Formalism for calculation of emissions at 12 and 25 hum bands are 
presented in preceding section and its detailed analysis in the next coming section. 
For testing the hypothesis of heating and cooling of large dust grains and 
gas, we have employed the line and continuum observational data from Table 
5.1. Details of the schemes for calculation of FIR emission and color (iO/lUO are 
discussed in section 3. This is based on the model of Li and Draine (2001) and 
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Weingartner and Drains (2001). No doubt, the real interstellar grains assumed 
as that of Draine and Li (2007)are more complex than the simple model of Li and 
Draine (2001) but it is the beauty of the model that it is in excellent agreement 
with the available observational constraints, ranging from the observed extinction 
curve to the observed emission from near IR to submillimeter. 
It has been shown by Abel et al. (2009) that F(60)/F(100) ratio has very 
little dependence on the spectral energy distribution (SED) shape, therefore, 
the ratio is a monotonic function of Gu- We use the ratio as an observational 
measure of radiation field G0 . Its calculated values for FIR emissions at thermal 
equilibrium temperatures of silicate and graphite grains exposed to interstellar 
radiation field (ISRF) G are plotted in figure 3.5. It is interesting to note that 
continuous line representing the fitted expressions (10) and (11) fully follows the 
exact calculation. 
The values of Go for various galaxies are estimated from the best fit for ratio 
of flux F(60µm)/F(100µm) over the whole range of flux ratios, From Figure 
3-5 it is clear that almost all the observed values follow the curve presented here 
based on the calculated emissions from silicate and carbonaceous grains. 
Further calculated and observed ratios for intensities Ibc,/IF/H at 6U jam and 
total flux of FIR is presented in Figure 4.1 for estimated FUV flux Gig of various 
galaxies. It is worth mentioning here that our approach of the estimation of 
Go from FIR emission is diffrent from that of Malhotra at al. (2001). Here an 
ab-initio calculation is used for estimation of Ge combined with the observational 
data. Preliminary exercise presented in this section are only to justify that model 
adopted for continuum radiations in 6fiN'm and 100µm are well supported by 
observational data 
PDR models are available for almost 30 years now and are established as a 
common and trusted tool for interpretations of observational line data However, 
it has been shown by Roflig et al. (2007) that because of large number of input 
parameters and a complex, nonlinear interplay between density, temperature, and 
radiative transfer, it is usually possible to derive more than one set of parameters 
like density and radiation field. 
The calculated ratio of important cooling lines and far infrared continuum 
intensities are plotted in Figure 4.2 for various radiation field and carbon abun- 
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dances. From the Figure 4.2 it is evident that for high density and low values of 
Gn (i.e. less positively charged grains) photoelectric heating due to Weingartner 
and Draine (2001) is better choice but wherever density is low and also C0 is 
high (i.e. grains are more positively charged) Bakes and Tielens (1994) is better 
suited model because of reasonable electron capture rates. Trend of the Figure 
2.7 also suggests that for large values of Gn  and low density of gas, dust absorbs 
a larger fraction of UV photons leading to less photons available for the heating 
of gas, and also grains are more positively charged resulting in decrease of photo 
electrons and also affecting the heating efficiency. However, is may be concluded 
that photoelectron heating using Weingartner and Draine (2001) model is safe 
choice for determining the gas temperature and consequently cooling of the gas. 
In the present analysis the same model of grains are adopted for FIR con-
tinuum emissions and for photoelectric heating of the gas. Thus the ratio of line 
to continuum becomes almost independent of grain models. Therefore. it is ex-
pected that data analysis combined with the theoretical foundations will provide 
a reasonable estimation of physical parameters like density and FUV field. 
4.3 Analysis of Observational Data 
Observationally estimated and theoretically calculated band ratios for 12, 25, 60 
and 100µm bands have been presented in Figure 4.3, where band ratio F(I2µtn)/ 
F(2opm) vs F(60fim)/F(100pm.) for different dust mass ratio gpan  are pre-
sented graphically in Figure 4.3. Galaxies used for this comparison span a wide 
range of F(601tm)/F(1001tm) ratio (0.2-1.4), which is an indicator of typical 
heating intensity of dust in the galaxies and also suggest the star formation ac-
tivity level of a galaxy. Lower ratio typically (0.2-0.3) corresponds to quiescent 
galaxies, whereas higher ratio in the range (0.3-1.0) representing the majority of 
the data here are suggestive of star formation activity while its ratio > 1 shows 
the presence of an Active Galactic Nuclei (AN). In the present sample of galax-
ies 8 AGN have been included but majority of them are having very low band 
ratio of F(601onn)/F(100 pan). 
Details of the scheme for FIR emission has been discussed in Chapter 3 
where it has been theoretically shown that the band ratio F(60µrn)/F(100pre; 
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is a monotonic function of Gi, and also independent of PAH abundance but there 
it has been assumed that 60 Irm. and 100 pin emissions are mainly from large 
grains in thermal equilibrium. Therefore, it can be used as an observational 
measure of starlight intensity Go For the sample of observational data Go is 
estimated from the band ratio of 60 and 100 µm Further estimated Gn when 
plotted on the theoretical curve fully follow the theoretically calculated trend. 
Band ratio F(12ftr.) / F(25fnm) for sample galaxies are in the range of (1.3-
0.2) showing a just opposite behavior to that of F(60 trn.)/F(100µm) as shown 
in Figure 4.3. The range of this band ratio too is mixed of the star formation 
activity and also PAH abundance. Theoretical calculations shows that hand ratio 
F(12µm)/F(25µm) is > 1 for fraction of total mass in PAH (i.e. yPAH > 1%) 
for low star light intensity Cr. but ratio decreases with the decrease of 9PAr and 
increase of Go. This trend may be treated a good basis for determination of the 
fraction of the total dust mass that is in the PAH and also it is an indicator of 
starlight intensity, G. 
Figure 4.3 clearly shows that in quiescent galaxy where F(60µm)/F(100pm) 
ratios is in the range of (0.2-0.3) and estimated starlight intensity is expected to 
be low, the P'(12µr.)/F(28µrn is fairly large showing that continuum emission in 
121em are strong enough exclusively the result of single photon heating. Further, 
theoretical calculations in conjunction with the observation are suggestive that in 
quiescent galaxies PAH abundance too is comparatively large. This is indicative 
that in the galaxies of low starlight intensity Gu or low (P'(t)0juH)/F(100pm)) 
band ratio ploycyclic aromatic hydrocarbons are allowed to grow to its large 
strength without any sputtering. Thermal sputtering rates for graphite and sil-
icate has been estimated by Draine and Salpeter (1979) for sufficiently high 
temperature 105 < T < 10' whereas such temperature is not expected in the 
interstellar medium. For galaxies with large star formation activity as mentioned 
above, band ratio F(12jnn)/F(25ym) are small or band strength of 12µm be-
ing weak showing that fraction gp,xrc of the total dust mass that is in the PAH 
<1%. 
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4.3.1 FIR, Line Emission 
Majority of the observational data considered in the present case have band 
ratio F(601z;ii), F(100ptm K 0.8 and also 115Eun line of oxygen is either not 
detected or, if detected line is very faint. According to Abel et al. (2009), it is 
predicted that in such circumstances the ratio of incident ionizing photon density 
to the hydrogen density is low. This is suggestive that line emitting region is 
cool because of less heating and more cooling. Therefore, we assume the regions 
from where emission lines of iQI]E3jrm, [OI' 1-15;i:n and ',C.'IIj158pwc emitted 
are cool and neutral extended regions beyond HII. 
The most powerful diagnostic tool for the study of the interstellar medium is 
atomic and ionic fine structure lines of 1OU(a/ie, [0/] 1.151iin and [CI!] 1. sin, 
which are also the main cooling lines in the neutral gas/Photodissociation region. 
A number of studies have been made that predict the strength of these fine 
structure lines (e.g. Tielens & Hollenbach 1985; Wolfire et al. 1990; Kaufman 
et al. 1999; Abel et al. 2005; Qaiyum 2006; Rollig et al. 2007; Meijrink et al. 
2007; Brauher et al. 2008; and Shafiqullah et al. 2011). 
PDR models have been available for almost 30 years and are established as 
common and reliable tool for interpretations of observational data. However, it 
has been shown by Rollig et al. (2007) that because of the large number of 
input parameters and complex, nonlinear interplay between density, temperature, 
grains (specifically 1?) and radiative transfer, it is usually possible to derive more 
than one set of parameters like density and radiation field. However, these lines 
are less model dependent as compared to other observable line emissions and 
discrepancies may be minimized by varying parameters like density, abundance 
and star light intensity C„ and using standard model of R = 3.1. In the 
present work ;OI ]G3pirz, ;01.' 1-15pm and [CII 15 pm are used to derive the 
environment conditions (gas temperatures, densities, abundances and radiation 
field in the galaxies). Estimated densities and radiation field are given in Table 
5.1. 
Observed line emission ratio ((OI]6:3wn —[Ol] 1455/n.m. ±[C'll I.58haM)II,'I R, 
which is a measure of photoelectron heating efficiency is plotted in Figure 4.4 as 
a function of 1"(12,iin )! 1-'(251i,n ). A definite trend have been noticed in the line 
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to continuum ratio for a given F(12µrn)/F(25una) of sample galaxies but there 
is a large spread, For F(12µrn)/F(25pne) < 0.26 heating efficiency is observed 
to be < 0.001 while it increases to a maximum value of almost — 0.025 for large 
band ratio. The same has been corroborated by theoretical estimates. 
The two circumstances where we do expect line to continuum ratio to change 
are (1) for high ratio G[: n (FUV flux to gas density), the grains get positively 
charged, raising the potential barrier for photoelectric ejection, thereby dropping 
the heating efficiency; and (2) in the PAH abunadnces which is effective in the 
increase of 12 and 25 µrn band without affecting line emission. Thus we expect 
a wide spread in the observational data 
Theoretically it has been shown in Figure 3.3 that F(121Cin)/F(25gm) 
< 0.25 is a consequence of low percentage of very small grains (i.e. gF AB ) 
where stochastic heating plays almost no role while it increases for increasing 
percentage of very small grains that are much hotter than the temperatures ob-
tained by equating the power absorbed with that emitted under steady state. It 
is also theoretically obtained that heating efficiency vary for several size distri 
teution of carbonaceous and silicate population showing sensitivity to the grain 
size distribution. Of course, the highest rates are for the distribution which con- 
tains the largest population of very small grains(Weingartner and Draine 2001; 
Qaiyum 2006). It is to be mentioned here that majority of sample of galaxies 
have F(121rm)/F(25pm) < 0.5 indicating that PAH abundance by the fraction 
of total grain mass is < 1% and photoelectric efficiency very close to 0.01. In 
some of the galaxies photoelectric heating is found to be close to - 0.02. Juvela 
et al_ (2003) and Qaiyum (2006) have also shown that maximum photoelectric 
heating efficiency 	0.028 which is being observed for B35. 
The grain charge, which determines the gas efficiency as measured by line to 
continuum ratio [OI—CII]; FIR, is set by C,/n. Therefore for Ge /n fixed, raising 
Gr, and r! together, line to continuum ratio may not change but it increases 
percentage of 01 lines as compared to CII line emissions. However, this theoretical 
explanation is not manifested in observational data plotted in Figure 4.4. This 
departure is due to the varying content of q j _1H percentage which very much 
affect the continuum strength of 12 and 25 pm band and also the photoelectric 
heating efficiency as mentioned by Weingartner and Draine (2001). 
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4.3.2 [CII] 158 pm and FIR 
The dominant origin of the [CII] 158µm emission is uncertain due to line of sight 
confusion and also due to various component of interstellar medium that can 
contribute to the total [Cl I] emission. The emission may arise from the cold (T 
— 100 K) partially ionised medium and diffuse low density ionised gas (hereinafter 
referred as warm diffuse region) (Croxall et al. 2012 and Beirao et al. 2012). 
The [CII] contribution from ionised gas can be traced by the emission of [NI I] 
122 dun, which in the galaxy is permitted primarily in the diffused ionised phase 
(Kaufman et al. 2006 and Malhotra et al 2001) because critical density of [NII] 
122µm (ti 300 cir s) leads to a stronger dependence of [CII] 158µm/[N 11] 122 
'nil-   
Unfortunately detection of 122 pm are fewer, only in 79 galaxies resolved 
or unresolved (the line is observed out of 196 galaxies). It is found that in 41 
sample of galaxies the ratio is > 5. for whole range of F(60µnr)/F(100 tm) 
0.2-1.4) that includes quiscent, normal star formal galaxies and also AGN (only 
8). The variation is found to be large between 5 and 25 with average value — 
10 [Figure 4.9] being close to 9 that of the Milky Way (Bennett et al. 1994). 
However, for 38 galaxies where observationally upper limit is imposed showing a 
larger Llcrrl  /L;ti rrp the spread in [CII]158 µm([NII]122prn is much larger [Figure 
4.10] between 1 to 25 with average value —? 0. In 12 galaxies out of 38 only a 
lower limit < 5 are observed while in majority of the galaxies ratio being larger 
than 10. 
An analytical calculation of [CII] emission from Fill regions and partially 
ionized medium,PDR surrounding it provide a characteristic ratio (Kaufman et 
al. 2006) Lurt (PDR)/Lcjj(HII)-10 for PDR conditions n , 10'- and Gn ^- 10. 
This preliminary calculation excludes the possibility of significant contribution to 
[CII] from -Ill regions. Similar calculation is needed to decompose the contribu-
tion from the partially ionized medium and warm diffuse region. Because it is 
necessary before the comparision with [01] can be made. 
Our measurements of [CII] 158 tm include an ionized and warm gas contri-
bution. This contribution can be estimated from the available data for different 
galaxies. An analytical calculation of [CII] 158 pm emission and [NII] 122 pm. 
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emissions from partially ionized and warm ionized gas of interstellar medium 
provide a relationship as, 
CII] 158,m =0.247'rcu(" I/z) 	 1.1) 
[II]122µm 	nNtr( a PF) , 
where nt71('P3/2) and nNtl(3 P2) are level populations of [CII] and [NI!] in the 
levels 2P3 and 3PP respectively. 
We will refer this ratio as f(CII). Assuming a wide range of electron density 
(n. - 0.1 - 1000 em-3) calculation provide a range of values for line ratio of 
[CII]/[1'II] = f(CII) as (6.8-0.7). To determine this ratio we use gas phase 
abundance of C (1.6 x 10-') (Sofia et al. 2004) and N (7.5 x 10-s) (Meyer et 
al. 1997) and collision strength from Blum and Pradhan (1992) 
An estimate of the contribution of warm ionized gas medium to the line [NII] 
158 pm emission by Beirac et al. (2012) for a particular galaxy is -- 17%. An 
assumption of this contribution •- 209 provide an opportunity for decomposing 
warm ionized contribution to [CII] 158 pan emission as , 
[C77158pnz;wa,,,r = 0.2f(CII)(_ry'II 122fem]r„r11 	 (4.2) 
In terms of percentage contribution it may be written as 
[CII 15Sµtn war,,, _ 	 "NII 122,irn ]14 , 1 	 ~ 
[CII 158µm] wt„. -02,flGII, [CIT 1 ob1crW] eo ,x, 	 2$, 
In observational terms this percentage may be transformed to the form of. 
]CII158 m 	
02f(CII) 
p ]warm = fcln 58L,, 	 (4-4) 
vu aa,,,r~~....,.. 
This value is very important in the sense that proper correction to the data 
possibily could be made. 
As already discussed earlier that variation in the observed line ratio [CII] 
158izm/[N]l] 122om,, is between 5 to 20. When these observational values are 
employed, percentage contribution to [CII] 158 jim emission from the warm 
region varies from a minimum of almost 1`ic to a maximum of 25% in the range 
of electron density of warm gas (n„ = 0.1 	1000 cm 3 ). This has been shown 
in Figure 4.11. For a reasonable density range of warm gas (ne = 1 - 10), 
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contribution of the warm gas to the [CIII line emission varies from (5 — 10) 
percent for majority of galaxies having the ratio of [CII]/[NII] in the range of 
average value of 10. This variation is within the limit of uncertainty in the data. 
Therefore, the value of [CII] line emission taken from Brauher et al. (2008) is 
adopted for comparison of [OI] line data and also extracting physical conditions 
in the partially ionized medium. 
In the given sample of galaxies, [C11]158pm line emissions are detected 
in 195 galaxies. Previous studies (Malhotra et al. 1997, 2001: Luhman et al. 
1998. 2003. Negishi et at 2001, Brauher et al. 2008, Shafiqullah et al. 2011) of 
[CII]158µrn/FIR ratio for galaxies revealed a :rend with FUV radiation field 
as measured by 60irrra/100pnm but in the present study it is found to have a 
large spread. In spite of the large spread a trend has been observed when the 
same line to continuum ratio is plotted against 12tvrrt/25Fsrn. As the strength 
of 121tm emission increases from a low band ratio 12µne/25,hou from 9.2 to 
— 1, CII]158µ-m/FIR increases from as low as 0.01% to almost 1% with 
increasingly large band ratio. The observed and fitted line to continuum intensity 
ratio is shown in Figure 4.5. The large spread is mostly probably due to mixed 
combination and action of starlight intensity G, and PAH abundance gpqn . 
Other reasons for the spread in observational data has also been discussed in 
previous section. 
It is worth mentioning here that low band ratio of 12 and 25 Ecnr ensures 
that percentage of gpapf in the grain is low and also single photon heating is 
not as effective because of high flux. These two reasons also account for the 
low line to continuum ratio for 158 /An line. For increasing Gn /n (FUV flux to 
gas density ratio) the grains get more and more positively charged. raising the 
potential barrier of grain i.e., threshold energy for photoejection very close to the 
ionization limit of hydrogen, thereby dropping the photoelectric efficiency. 
4.3.3 [OI] 63 E.rn. , 145 pprn, and FIR. 
The oxygen is found in neutral form in the cool neutral emitting region and its 
two fine structure lines 63 and 145µa may exist deeper into the medium_ Out 
of 196 sample galaxies, 63µm emission lines are detected in 133 galaxies while 
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much fainter 14151im line is observable in only limited sample of 33 galaxies. The 
line to continuum ratio for these lines is plotted in Figures 4.8 and 4.7. A definite 
trends are being observed showing increase in the line intensity with increase of 
I'I 12pn1 ;' Ft'>5pn ). However, from these figures it appear that in most of 
the galaxies where observed F(12/im); F(25/1m); 1, conspicuously hyper-fine 
lines 63 and 1 l5ttin of oxygen are either absent or observed in only very limited 
galaxies. Theoretically it has been shown in section 3 that large band ratio of 
12 and 2?' im is indicative of large PAH fraction in the dust mixture measured 
by high PAH index gp.111 where oxygen might have been locked into the grains 
as metal oxides ensuring substantially small fraction of oxygen gas left into the 
medium. 
On the other hand large band ratio is also predicted into low starlight inten-
sity Co where due to individual photon heating emission in 121im band is strong 
as compared to 25 inr band. Therefore, for large band ratio F(12pin 1 /F(251cm ) 
photoelectron heating will be sufficiently low maintaining low temperature for the 
medium than the critical excitation temperatures of 228 and :325 K. As a result 
for emission line intensities of oxygen (6 and 145jim) are very weak. 
4.3.4 Gas-phase Oxygen Abundance and gP,.111 
Interstellar abundances are quite uncertain but it is usually assumed to be close 
to the solar abundances. The current estimate of interstellar gas phase oxygen 
abundance, .l 	- 12 -~- lnnjlc,; O l H) — S.59 _1. 0.0l (Cartledge et al. 2004) 
when supplemented by the oxygen locked up in grains and molecules, which is 
itself uncertain, gives rough estimate . 1,) .7 consistent with the estimate 
of solar abundance :10 — 8.66 -1- 0.0.5 (Asplund et al. 2004). In the present 
work an attempt has been made to correlate the gas-phase abundance of oxygen 
estimated from the best fit of the line observations ([M](;:3Iim, )111151im. and 
CIJ]1.5S1itn which are shown in the (Figures 4.5, 4.6 and 4.7) to that fraction 
gp4x of the total dust mass that is in the PAH. From the best fit it has been found 
that in 95 galaxies ( i.e. 	50'. ,) of total 196 galaxies, oxygen is heavily depleted 
with .1 <: 8.3, probably due to the locking up of the oxygen in the grains or 
molecules. The distribution of total galaxies as a function of 121im /251im ratio 
.)r 1. 	 lr.: 
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are presented in Figure 4.8. In the same figure the distribution of galaxies with 
depleted oxygen abundance are also presented. 
It has already been discussed in section 3.1 that theoretically band ratios 
for 12 and 25µrn bands are dependent of the mix of PAI I index gpa1r and star 
light intensity G0. Therefore, band ratios (Bl — 0.0 — 0.5, 22 =— 0.5 — 1.0, 
B3 =^- 1.0— 1.3) gives a measure of increasing PAH index and decreasing star 
light ratio. The 196 galaxies distributed amongst the bands Bl, 82 and 83 are 
105, 74 and 17 respectively following the said trends. Majority of galaxies i.e. 
105 are in the region of 21 band where theoretically it had been shown in section 
3.1 that PAH index qp,~y is <_ 1% while rest of the 91 galaxies are lying in the 
bands 22 and 23 where fraction of the total dust mass that is in the PAH is 
>170, 
Frequency distribution of galaxies with depleted abundances A0 < 8.3 in 
the respective bands of Al, 82 and R3 is 31, 47 and 17. It shows that 31 out 
of 105 galaxies (i.e. 29.5% < 1/3) in B1 are having depleted oxygen and further 
the percentage of oxygen depleted galaxies increases in respective bands. Very 
specifically it is — 2/3 (i.e. 47 out of 74) in 22 band and 100% (17 out of 
1 7) in B3 band. It has been shown earlier that 12 and 25m. band ratio > 1 
is suggestive that either PAH index > 1% or star light is low where individual 
photon heating becomes very important and small grains radiate strongly in 12Fcm 
band. This pattern indicates that for large PAH index, oxygen either gets locked 
up in grain forming metal oxides such as APgO, FcO, Fc2O j , P'e,,O,,, and also 
in the form of amorphous silicate, the exact composition of which is uncertain. 
It may also happen that carbonaceous grains play a role of catalyst in forming 
oxygen molecules which may be another source of oxygen depletion. Further weak 
FUV radiation index G'n ensures that neither metal oxides and silicate grains or 
molecules suffer dissociation/ionization because of low FUV radiation. 
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Chapter 5 
Result and Discussion 
Present work is an attempt to understand the energetic and physical conditions 
in the ISM for statistically represntative set of galaxies by studying the atomic 
and ionic fine structure lines at mm and sub-millimeter wavelengths and FIR 
continuum emissions from the dust and grains consisting of mixture of amorphous 
silicate and carbonaceous grains and also the small extension of graphite material 
with size < ii. U.-)1,,,, (PAH). Li and Draine (2001) and Draine and Li (2007) 
model, which are in excellent agreement with available observational costraints, 
ranging from the observed extinction and observed IR emission, has been adopted 
for an ab-initio calculation of FIR emissions. The same models of grains are 
adopted for photoelectric heating of the gas using the formalism of Weingartner 
and Draine (2001). Result so obtained has also been compared with that obtained 
using Bakes and Tielens (1994). 
Sufficient number of studies are available in the literature showing that 
heating rates for Bakes and Tielens (1994), is always greater than Weingartner 
and Draine (2001) for any set of grain size distribution. Therefore, it is not 
intended here to compare the heating rates due to both. But from the Figure 
2.4 we may conclude that for low ratio of C,. ii (where grains less positively 
charged) WD model fits the observation better than BT model But for large 
values of the same ratio (where grains are more positively charged) BT model 
has slightly edge over WD model because of high sticking coefficient of electrons. 
It has been discussed in greater detail in previous sections. 
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Detailed discussion has been made in subsection 4.3.2 on the suitability of 
the [011158fern taken from Bracher et al_ (2008) to be emloyed for estimating 
the physical conditions in the partially ionised: neutral gas of the interstellar 
medium. Further, it has been shown in the Chapter 4 that analysis of infrared 
continuum emission in four bands (12. 25, 60 and 100 µm) and line emissions 
[[11]158 pm, [01]63 pm and 145 pm yield a single unique vale of Gr and n 
for each galaxy that may reproduce the whole set of observational data from 
the galaxy. thereby supporting the assumption that continuum and line emitting 
regions are almost identical. 
For detailed study, a set of Far infrared line [07)631ern, [011l45pm and 
[Cii138 Erne, and continuum fluxes spanning F(60pm)/F(100 pm) range 
(0.2 — 1.4) and band ratio P (121im)jF(25 tine) range (1.4— 0.2) are selected 
from the ISO Data Archive and Bracher et al.(2008) for 196 galaxies. The data 
are given in Table 5.1. 
Since the physical state of interstellar gas and dust is dependent on the 
process which heat and cool this medium, therefore analysis of observation sup-
ported by theoretical explanation will provide a means for estimation of physical 
parameters of gas and dust. For this purpose we have employed band ratio of 60 
and 100 ura and also the line emission of [CIIJ 158 Ion and [01] 63 and 145 izm. 
Best fit of observational data varying Gn, n, abundance of carbon and oxygen and 
also the velocity field in theoretical model calculation gives the physical param-
eters. Surprisingly derived abundance for carbon obtained is (1.1+0.4) x 
which almost same as taken by Rellig et al. (2007) and Abel et al. (2009) as 
standard values. Similarly derived velocity width is (1.611) km/sec which is very 
close to what has been adopted by Abel et al. (2009), Rollig et al, (2007) and 
Shaw et al. (2005). The oxygen abundances are also varied and its distribution 
is discussed in Chapter 4. 
New approach has been adopted for evaluation of Gn.  Theoretical estimates 
of FIR continuum, color ratio F(60)/F(100) and F(12)/F(25) are compared 
with that of observations, Gn is estimated from the best fit of the continuum 
radiations at 60 /rm. and 100 µm from the large grains. The estimated values of 
Go and trends for F(60pm)/F1001em,) is shown in Figure 3.5. 
Radiation field Gn as well as density n is obtained from the best fit of the 
89 
line and continuum ratios 7eJJ!IF,i? and I cy/f ifth , as shown in Figures 4.3, 4.4, 
4.5 and 4.6. Reliability of the approach using the said model is also looked into 
in the Chapter 3 considering data from some other galactic and extragalactic 
medium. The density n and radiation field Go , estimated from lines of [01] and 
[CII] and also from continuum are found to be same for individual sources unlike 
that of Malhotra et al. (2001). 
1. It has been shown that infrared emission will peak at A = 195.3Gp tav 
This shows that for a range of C0 c 104 steady temperature Tu of grains will 
provide a fairly good approximation of infrared emissions for A > 60pm.. Thus 
total emission for any medium of interest exposed to the FUV radiation field may 
be estimated using the Plank function. Thus band ratio F(60µrra)/F(100µrn) is 
monotonic function of Gu. Therefore, it can be used as an observational measure 
of the starlight intensity Co (see Figure 3.5). Here an ab-initio calculation is used 
for estimation of C„ combined with the observational data. 
Although the Malhotra et al. (2001) have analysed a set of observational 
data to derive the physical parameters like density and radiation field using 
(a) Lforj/LIFzri 
(b) Llpjl/Llc.jrl and Lloil + 
but their set of parameters density and radiation fields for both cases (a) and 
(b) differ. Generally both the parameters evaluated from WD(2001) are higher 
as compared to BT(1994). It is probably because of the fact that intensity of 
[01] 63 rim is very sensitive to model parameters as compared to [CII] 15B pm 
(Abel et al. 2008). Low intensity of [Oil compared to [CII] possibly prefers low 
density as well as low radiation field. 
2. Band ratio F(12Eun) /F(25fere) for sample galaxies are in the range of 
(1.4 — 02) showing a just opposite behavior to that of F(60µm)/F(100µm). 
For low star light intensity Gn emissions in the band of 12µm are stronger than 
that of 25F,n for a wide range of Gr due to stochastic heating ensuring that band 
ratio F(12pm); F(25pm) is large. The range of this band ratio too is mixed 
of the star formation activity and also PAH abundance. Theoretical calculations 
shows that band ratio F(12pm)/F(251im,) is > I for fraction of total mass 
VAH > 1~7 that is in PAH for low star light intensity Gn but it decreases with 
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the decrease of qi'..i J' and increase of C,. This may be treated a good basis for 
determination of the fraction of the total dust mass that is in the PAH and also 
it is an indicator of the strength of starlight intensity. 
3. A definite trend have been noticed in the line to continuum ratio 
(01]63jiin -- [0I11151im -• iCIIl158piu'/FII? for a given F(12p in)/F(25jim) 
of sample galaxies but there is a large spread. For F(12pm)!F(25jtm) < 0.25 
heating efficiency is observed to be < U.(101 while it increases to a maximum 
value of almost , (►.f25 for band ratio > O.•I. It is also theoretically obtained 
that heating efficiency vary for several size distribution of carbonaceous and sili-
cate population showing sensitivity to the grain size distribution. Of course, the 
highest rates of photoelectric heating are for the distribution which contains the 
largest population of very small grains. It is to be mentioned here that major-
ity of sample of galaxies have F(12/,r,,).`P(25ji,n) < (1.5 indicating that PAH 
abundance by the fraction of total grain mass is < I% and photoelectric effi-
ciency increases from -. 0.001 to a very close level of 0.01 or more , where PAH 
abundance gp.jj is > 1'. 
4. In spite of the large spread a trend has been observed in line to continuum 
C1II1:~ irrn'k'/ N ratio when it is plotted against 121im /251im. As the strength 
of 12 nt emission increases from a low band ratio 12jtin/25E,m from 0.2 to 
1. ICII?15Ssvm'P'1R increases from as low as 0.01% to almost 1`% with 
increasingly warm infrared colour. The observed and fitted line to continuum 
intensity ratio is used to estimate the environmental conditions as listed in Table 
5.1. 
5. Conspicuously hyper-fine lines 63 and 145,um of oxygen are observed in 
only limited range of galaxies where F'(12pm),'f'(23 nr) < 0.,5. Theoretically it 
has been shown that large band ratio of 12 and 25j„►, is indicative of large PAH 
fraction in the dust mixture measured by high PAH index gj ,111 where oxygen 
might have been locked into the grains leaving substantially small fraction of 
oxygen gas into the medium. On the other hand large band ratio is predicted into 
low star light intensity where individual photon heating ensures strong emission in 
1 _'(,n, band as compared to 251,w band. In such circumstances too photoelectron 
heating will be sufficiently low maintaining low temperature for the medium than 
the critical excitation temperatures of 228 and 325 K from ground state for 
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emission lines of oxygen (63 and 1 45//rn) favouring feeble intensity of the lines. 
6. From the best fit of line intensity it has been found that in 95 galaxies 
of total 196 galaxies ( i.e. 	TU'/,) oxygen is heavily depleted with Ao < 8.3, 
probably due to the locking up of the oxygen in the grains, molecules or metals. 
This has been corroborated by the analysis of depletion of oxygen abundances. 
Oxygen depletion is found to be substantial in the galaxies with increasingly large 
fraction of the total dust mass that is in the PAH. 
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Table 5.1: Observed Line and Continuum radiation and 
theoretically estimated C, and n(cm s ) 
Observed continuum are in unit of Jy and line emission are in 	Estimated 
unit of 1 () 'Tim 	 parameters 
Galaxy 	 F12j►mF25jr►,►IF60pm!F1001►►►►1CII158j►►►rP1145Eu►r~0163j►nr~loy~~G~ n 
IC 10a 4.88 i 13.95 112.90 	179.20 7.63 0.24 6.57 2.30 : 650 
ESO 350-IG-38 0.41. 2.49 6.47 5.01 0.48 0.81 3.20 36 
Cartwheel 0.08 0.11 0.73 	i 1.57 	i 0.15 	i 2.05 7 
NGC 0253a 	i 55.84 155.70 998.70'1862.00; 48.93 2.94 38.83 j 2.15 6000 
NGC 0278 1.63 2.57 25.05 46.39 7.28 0.21 3.47 2.15 360' 
UGC 00545 0.51 1.21 2.24 2.63 0.16 0.40 2.65 12 
MCG -- 12-02-02-001 0.76 3.71 22.37 26.68 3.11 2.84 2.65 100 
NGC 0449 0.34 0.89  2.53  3.05 0.21 0.57 2.60 18 
UGC 00852 0.14 0.13 0.77 4.02 0.34 1.30 18 
NGC 0520 0.76 2.84 31.10 47.12 2.83 0.18 1.92 2.35 55 
NGC 0625 0.20 t 	0.94 5.09 9.07 1.00 0.04 2.20 12 
NGC 0660 2.31 7.05 67.27 104.90 7.67 4.33 2.35 160! 
MrK 573 0.23 0.79 1.11 1.36 0.18 0.36 2.60 ! 	15 
III Zw 35 0.09 1.08 13.33 14.13 0.21 2.75 6 
NGC 0685 0.13 0.15 1.60  7.14 0.61 1.45 20 
NGC 0693 0.29 0.55 	' 6.73 11.81 1.65 0.81 2.20 37 
NGC 0695 0.48 0.86 7.87 13.57 2.04 1.18 2.25 54 
UGC 01449 0.31 0.56 4.96 8.41 1.48 0.86 2.25 37 
NGC 0814 0.19 1.01 4.41 	I 3.59 0.36 0.30 3.10 9 
FArp 273 0.17 0.24 1.87 3.85 0.16 0.31 2.05 13 
(NGC 0986 1.41 3.65 25.14 51.31 3.04 1.27 2.10 50 
NGC 1022 0.75 3.29 19.83 27.16 1.87 2.01 2.50 .100 
NGC 1052 0.20 0.49 0.93 1.50 0.15 2.30 3 
NGC 1068 39.70 85.04 176.20 224.00 ; 21.54 	 j 0.68 1 	17.36 	1 2.55 800 
Continued on next page 
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Table 5.1 - Continued from previous page 
Observed continuum are in unit of Jy and line emissions are in 
unit of 10-151f rn ' 
Estimated 
parameters 
alaxy F12tzrnF25iir F60pnF100µmC11158pm JIl4Sizn I63µ 'ogiaGO 'u 
UGC 02238 0.34 0.53 8.40 15.56 2.35 	0.07 0-76 2.15 41 
NGC 1097a 2.88 7.70 46.73 116.30 '~ 	6.93 3.47 1.90 180 
NGC 1155 0.21 0.47 2.89 4.98 0.38 0.36 225 13 
NGC 1156 0.17 0.55 5.24 10.48 1.56 0.82 2.10 25 
NGC 1222 051 2.29 13.07 15.38 2.42 2.73 2.65 118 
UGC 02519 0.25 0.34 2.98 7.45 1.64 	' 0.75 1.90 40 
NGC 1266 0.14 1.23 13.32 16.44 0.50 0.52 2.60 24 
GC 1313a 1.70 3.75 45.69 97.21 2.37 1.13 2.05 36 
GC 1275 1.06 3.53 7.14 6.98 1.10 2.59 2.85 100 
NGC 1317 0.26 0.31 3.52 ' 	10-35 0.91 0.37 1.75 24 
GC 1326 0.38 0.86 8.17 '~ 	13-85 1.33 0.79 2.25 23 
GC 1365a 3.37 10.82 97.79 174.60 10.41 	0.64 571 2.20 250 
IC 1953 0.16 0.93 8.47 11.29 0.58 0.28 2.50 7 
NGC 1377 0.44 1.81 7.25 5.75 0.20 	0.00 0.28 3.15 16 
NGC 1385 1.19 2.02 17.30 37.61 5.55 	0.11 2.41 2.00 104 
IC 342a 23.66 45.20 256.00 661.70 6.94 3.35 1.85 180 
GC 02855 2.93 4.86 42.39 90.19 4.73 	0.29 2.64 2.05 103 
GC 1482 1.54 4.67 33.45 46.46 6.39 	0.23 335 2.45 110 
IC 356 0.23 0.16 3.84 24.61 0.68 0.00 1.15 32 
NGC 1546 0.62 0.79 7.21 22.53 3.18 0.80 1.70 52 
NGC 1569 1.23 8.98 54.25 55.36 5.99 	0.13 6.59 2.80 330 
C 120 0.28 0.63 1.28 2.78 0-38 0.32 2.00 13 
NGC 1614 1.44 7.28 32.31 32.69 2.26 3.43 2.80 200 
NGC 1672a 1.67 4.03 32.96 69.89 5.37 2.05 164 
IRAS 05189-2524 0.27 3.44 13.67 11.36 0.14 3.10 4 
UGCA 116 0.41 1.92 6.62 5.20 2.04 1.32 3.15 36 
Continued on next page 
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Table 5.1 - Continued from previous page 
Observed continuum are in unit of Jy and line emissions are in 	Estimated 
unit of 10 i'UU'in 	 parameters 
i 	 t 
Galaxy 	 F12juniF25piu F601uniF100jt nCIl158jun I145pim,0163pin ogioGo it 
NGC 2146 6.22 17.58 131.00 	184.20 25.37 0.99 18.03 2.45 77! 
!IC 450 0.22 0.68 1.18 1.65 0.19 0.47 	! 2.45 15 
NGC 2388 0.51 2.07 17.01 25.39 1.74 1.02 2.40 30 
!NGC 2415 0.42 0.91 8.56 12.89 2.44 1.90 2.40 77 
DDO 50a 0.12 0.17 1.51 2.62 	! 0.16 2.25 8 
M81a 5.86 5.42 44.73 ' 174.00 0.71 1.25 1.50 
M82a 66.61 :285.001271.0 1351.00' 130.77 12.39 177.03 3.00 
~65 
00 
IC 2554 0.98 2.71 17.25 34.13 3.53 2.55 I 2.10 98 
~ESO 317-G023 	! 0.34 0.88 13.50 23.68 1.24 0.06 0.62 	; 2.25 17 
NGC 3256 	 j 3.23 16.03 88.30 115.30 12.99 0.54 i 	12.92 2.55 53E 
NGC 3344a 	 j 0.34 0.48 5.51 22.54 	! 1.11 1.50 41 
NGC 3359a 0.16 0.28 4.06 14.66 0.90  i 1.60 21 
NGC 3368a 	i 0.53 0.54 8.26 25.93 0.40 1.70 21 
IRAS F10565+2448 0.21 1.13 12.08 15.29 0.47 0.76 2.55 40 
iNGC 3583 0.63 0.78 7.08 18.63 1.85 0.93 	i 1.85 51 
NGC 3620 1.29 4.71 46.80 66.86 2.17 0.22 1.94 2.45 82 
NGC 3623a 0.20 0.40 2.42 14.35 0.50 i 1.25 30 
NGC 3683 1.06 1.53 13.61 29.59 3.43 ! 1.84 2.00 ,10', 
NGC 3690 	 j 3.80 23.19 103.70; 107.40 ! 8.22  0.36 j 	8.32 	 j 2.80 ~ 69( 
NGC 3705 0.38 0.44 3.72 11.27 0.98 1.75 34 
NGC 3885 0.46 1.41 11.66 16.42 	I 1.50 1.20 2.45 ! 43 
NGC 3949 0.82 1.37 11.28 25.64 2.76 0.06 1.79 2.00 19C 
~NGC 4027 0.65 1.04 11.61 27.64 2.92 0.00 ` 	1.62 	! 1.95 72 
NGC 4041 0.87 1.42 i 	13.34 32.88 3.48  1.97  1.90 96 
,NGC 4051a 0.85 1.59 7.13 23.92 	' 1.16 0.00 0.00 1.65 ; 45 
NGC 4102 1.72 7.05 48.10 70.74 2.88 0.26 3.49 	i 2.40 10C 
Continued on next page 
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Table 5.1 - Continued from previous page 
Observed continuum are in unit of Jy and line emissions are in 
unit of 10-1'4S'm 2  
Estimated 
parameters 
Galaxy F12;vmF25pnnF60µmF100pmClll58pru0l145 {um 163µn og10G1 n 
IRAS 12071-0444 0.08 0.64 2.48 2.64 0.10 2.75 8 
CC 66 0.14 0.29 2.00 8.09 078 1.50 30 
NGC 4189 0.26 0.40 3.04 8.92 0.94 1.75 54 
CC 92a 0.65 0.36 7.19 23.18 0.93 1.70 44 
NGC 4194 0.83 4.53 23.81 25.06 2.17 0.13 2.80 2.75 85 
PG 1211+143 ! 	0.25 0.27 0.34 0.61 0.25 2.20 12 
NGC 4222 0.12 0.13 0.98 3.19 0.47 1.65 26 
NGC 4236a 0.11 057 3.98 10.02 0.27 1.90 22 
NGC 4278 0.15 0.11 0.62 1.74 0.25 1.80 22 
CC 460 0.18 0.50 4.58 10.44 0.28 2.00 13 
NGC 4294 0.10 0.19 2.72 9.40 0.94 1.60 30 
NGC 4299 0.10 0.24 2.63 8.08 0.93 1.70 48 
NGC 4314 0.16 0,36 3.78 7.14 0.66 2.15 32 
NGC 4374 0.23 0.26 0.52 0.98 0.14 0-56 2.15 11. 
CC 857 0.15 0.14 0.95 4.01 0.16 1.45 14 
CC 873 053 0.56 5.31 17.39 1.90 1.65 90 
GC 4414 1.91 2.30 26.81 66.07 7.53 131 1.90 200 
GC 4418 1.00 9.69 43.89 32.04 0.17 0.14 0.67 13.25 16 
CC 1003 0.23 0.18 1.65 427 0.15 1.85 15 
CC 1043 0.20 0.17 3.76 11.27 0.77 ' 	1.75 36 
CC 1110 0.11 0.15 1.23 7.43 0.25 1.20 23 
CC 1158 0.07 0.15 0.13 0.34 0.11 1.85 5 
CC 1253 0.19 0.15 0.58 1.08 0.08 I 2.15 8 
GC 4490 1.86 4.20 45.90 76.50 4.32 0.16 3-29 2.25 170 
GC 4486 0.23 0.24 0.50 0.58 0.15 0-58 2.65 11 
CC 1326 0.11 0.35 2.68 3.42 0.15 2.55 7 
Continued on next page 
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Table 5.1 - Continued from previous page 
Observed 
Galaxy 
continuum are in unit of Jy and line emissions are in  
unit of 10-i5ii"m-' 
F12µniF25pun F601m F100pmCl 158pnz 	1145i,e+r. )1bap.r 
Estimated 
parameters 
.ogi0G1 	n 
NGC 4519 C.36 0.55 3.74 7.06 0.84 2.15 45 
NGC 4522 0.12 0.21 1.29 4.19 0.89 1.65 46 
INGC 4559a 0.49 0.73 9.69 27.05 1.48 1.80 86 
NGC 4569a 0.75 1.28 9.19 27.33 1.52 1.23 1.75 58 
CC 1727 0.34 0.37 4.74 18.09 0.74 1.55 42 
CC 1813 0.12 0.17 1149 1.39 0.09 1.80 8 
CC 1972 0.49 0.61 5.32 15.42 1.96 1.75 65 
!NGC 4651 0.41 0.42 544 ' 	15.57 2.03 1.80 90 
NCC 1987 0.90 1,34 13.08 ' 	34.91 3.00 1.85 150 
NGC 4656a 0.10 0.30 5,Q  11.46 058 2.10 28 
NGC 4670 0.16 0.28 2.63 4.47 0.94 0.17 1.13 2.25 50 
NGC 4691 0.71 2.43 14.73 20.59 2.46 1.66 2.45 53 
CC 2070 0.12 0.13 0.30 2.03 0.13 1.15 4 
NGC 4713 0,24 0.17 4.60 10.95 1.40 0.94 1.95 84 
Mrk 231 1,87 8.66 31.99 30.29 0.23 0.62 2.90 18 
IC 3908 0.44 0.87 8.09 17.08 	' 2.24 0.08 1.26 2.05 36 
NGC 4818 0.83 3.85 20.01 25.18 	', 1.14 2.55 55 
NGC 4861 0.40 0.41 1.92 2.60  0.19 0.50 2.50. 15 
NGC 4945a 23.65 43.28 588.101416.00 37.77 2032. 1.95 440 
NGC 5005a 0.95 1.20 19.65 54.26 2.45 1.80 160 
IC 860 0.10 1.31 17.93 18.60 0.20 0.27 2.80 18 
IC 883 0.25 1.41 17.01 24.41 0.96 1.30 2.45 80 
en Aa 23.03 30.74 217.60 501.20 27.70 21.44 1.95 25 
IC 4249 0.06 0.15 0.55 0.74 0.14 2.50 6 
$0 173G015 1.19 7.59 81.58 99.87 5.05 406 2.60 1158 
51a 11.02 17.47 108.70 292.10 3.41 1.89 1.85 96 
Continued on next page 
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Table 5.1 - Continued from previous page 
Observed continuum are in unit of Jy and line emissions are in 	Estimated 
unit of 1(1 - ~'U FH -" 	 parameters 
Galaxy iFl2/iiiiF25iiii i~ F60iiiti!FlOO/ iiii!CII158 tu01145 tni0163 sin oliuG n u  
M83a 26.28 	47.72 266.00 ! 638.60 j 14.59 	i 13.00 1.95 :11501 
NGC 5248a 1.15 	i 1.73 18.38 44.54 1.25 1.90 45 
Mrk 273 0.23 	i 2.28 21.74 21.38 	 j 0.48 i 	1.27 	 j 2.85 j 41 
NGC 5322 0.09 0.08 0.40 : 0.81 0.17 0.06 0.38 2.10 11 
Mrk 463 0.51 1.57 2.18 1.92 0.22 0.43 3.00 17 
NGC 5430 0.56 1.62 10.41 19.47 1.61 1.08 2.15 35 
NGC 5433 0.27 0.70 6.62 11.57 1.53 1.13 2.25 38 
NGC 5457a 6.20 11.78 j 92.70 237.70 2.31 1.64 1.85 j 74 
Circinus 19.59 67.93 245.60 409.00 ' 25.93 1.46 23.35 	' 2.25 :140Q 
jNGC 5643 1.09 3.64 19.49 38.16 2.34 2.61 	 j 2.10 130' 
NGC 5713 1.30 2.84 21.89 738.09 5.06 	i 2.88 2.25 ,105 
NGC 5772 0.10 0.08 0.34 1.66 0.23 1.35 8 
NGC 5786 0.36 0.76 5.26 14.98 1.42 	t 1.80 37 
NGC 5866 0.36 0.34 5.21 17.11 	 j 0.51 0.00 0.18 1.65 9 
~CGCG 1510.8-' 0 72 i 0.05 0.83 20.84 31.52 	i 0.33 	i 0.07 0.25 2.35 6 
I RAS 15206---3342 0.08 0.34 1.76 1.88 0.25 2.75 5 
IRAS 15250-3609 0.13 1.31 7.39 5.94 0.28 3.15 5 
NGC 5937 0.64 1.13 9.76 20.35 4.01 2.05 2.05 78 
NGC 5953 0.53 1.16 10.04 18.97 2.87 0.00 0.00 2.15 68 
Arp 220 0.48 7.90 103.80 112.40 ; 0.91 0.00 0.50 	' 2.75 12 
~NGC 5962 0.74 1.03 8.89 22.11 2.78 0.98 1.90 48 1 
IC 4545 0.12 0.12 1.18 5.38 	 j 0.52 1.40 32 
'Mrk 297 0.27 0.82 6.15 10.19 2.09 0.18 2.25 2.30 ! 65 
IC 4595  0.71 0.73 7.05  18.04 2.30 j 	0.87  1.90 49 
NGC 6217 0.50 1.61 ~ 	10.83 19.33 1.88 2 2Q . 70 
!NGC 6156 1.00 2.47 i 	16_11 33.35 3.84 2.15 	i 2.05 877 
Continued on next page 
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Table 5.1 - Continued from previous page 
Observed continuum are in unit of Jy and line emissions are in 	Estimated 
unit of 10-1s1t"rn-2 	 ~. parameters 
alaxy F12pin F251ur F60prn F100µn CII158µm 11451inr )I6Jjznc ogruG n 
GCG 025-007 0.13 0.05 0.71 2.77 0.17 1.50 	7 
NGC 6221 189 5.95 40.68 81.60 6.64 2.10 	440 
NGC 6286 0.42 0.56 8.22 22.13 1.68 	0.05 0.73 	1,85 	38 
IRAS 17208-0014 0.19 1.65 31.14 34.90 0.74 1.26 	2.70 	61 
IC 4662 0.30 1.27 8.81 11.90 1.39 1.48 	2.50 	71 
NGC 6503a 0.44 0.50 7.57 25.94 2.29 1.65 	57 
rk 535 0.06 0.08 0.67 2.47 0.41 1.55 	16 
C 368 0.06 0.09 0.14 1.14 0.04 	1.00 	2 
NGC 6574 0.80 1.60 13.22 27.96 4.47 2.31 	2.05 	90 
NGC 6764 036 1.29 6.32 11.56 1.03 1.93 	2.20 	90 
GC 6744a 0.17 0.22 28.84 ! 	96.13 0.70 1.65 	18 
GC 6753 0.95 0.98 9.77 28.26 2.52 0.91 	1.75 	58 
RAS 19254-7245 0.22 1.24 5.48 5.78 0.26 0.66 	2.75 	23 
RAS 19297-0406 0.11 0.68 7.14 8.55 0.24 2.60 	11 
GC 6810 1.10 3.49 17.79 34.50 3.83 1.57 	2.15 	55 
GC 6824 0.50 0-63 5.48 15.53 1.80 0.81 	1.80 	43 
GC 6821 0.14 0.31 3.63 5.71 0.98 2.35 	27 
NGC 6822a 0.84 6.63 58.86 130.30 1.87 1.43 	2.00 	57 
IRAS 20100-4156 0.10 0.46 5.26 5.11 0.08 2.85. 	2 
IC 5020 0.18 0.15 1.07 4.35 0.70 1.50 	24 
NGC 6946a 15.17 2134 167.70 362.70 9.45 	0.39 6.06 	2.05 	405 
Mrk 509 0.31 0.70 1.36 1.52 0.29 0.43 	2.70 	16 
NGC 6958 0.16 0.20 0.97 1.91 0.11 	 j 	0.00 0.24 	2.10 	8 
IC 5063 7..06 3.91 5.33 4.16 0.36 093 	3.15 	30 
IRAS 20551-4250 0.28 1.90 12.78 9.94 0.35 096 	3.15 	30 
GC 7217 0.37 0.30 4.96 18.45 0.66 1.55 	j 22 
Continued on next page 
Table 5.1 - Continued from previous page 
Observed continuum are in unit of Jy and line emissions are in 	Estimated 
unit of 1U- ''1Unn-~ 	 parameters 
alaxy F l2/L mI F25jLm 
0.56 
F60jirn F100Fcrrr~ 
4.67 11.18 1.92 
CII158itrn101145jcrrt,'O163prn og jnnG 	n 
0.88 	1.95 	30 'NGC 7218 	 0.28 
NGC 7314 0.26 0.57 3.73 14.15 0.26 1.55 7 
;NGC 7331a 3.36 4.20 35.29 115.10 6.91 3.40 j 	1.65 334 
IRAS 22491-1808 0.09 0.54 5.25 4.73 0.17 2.95 8 
INGC 7418 0.63 0.69 5.38 16.13 1.39  1.75 60 
;IC 1459 0.11 0.20 0.49 0.94 	! 0.15 2.15 j 	7 
NGC 7469 1.34 5.78 25.87 34.90 2.13 2.52 j 	2.50 110: 
IRAS 23128-5919 0.24 1.59 10.80 10.99 	! 0.49 0.90 2.80  40 
NGC 7552 2.94 12.16 ' 72.03 101.50 6.37 6.30 2.45 ! 270' 
NGC 7582 1.62 6.43 49.10 72.92 4.12 2.65 2.40 j 85 
IC 5325 0.48 0.70 5.15 14.35 2.04 1.80 40 
NGC 7714 0.46 2.85 10.36 1 11.51 1.83 2.80 i 	2.70 : 154 
IRAS F23365-,-3604 0.13 0.88 7.44 8.83 0.16 0.21 2.65 9 
NGC 7771 0.77 1.77 19.67 40.12 2.98 1.15 2.10 40 
Mrk 331 0.55 2.39 18.04 23.61 1.48 0.13 1.05 2.55 24 
NGC 7793a 	 1.5 4 2.09 19.62 56.34 1.83 1.80 110 , 
Note- 'a indicates the extended galaxy 
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